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Introduction 

Objectives  of  the  Project 

The  objective  of  this  contract  is  study  and  optimization  of  COIL  operation  with 
advanced  Verti-JSOG  and  new  advanced  nozzle  banks.  The  another  objective  is  study 
the  singlet  oxygen  production  in  vortex- stabilized  discharge  in  the  flow  of  pure  oxygen 
and  mixtures  oxygen  with  rare  gases  and  to  study  iodine  atoms  production  by  means  of 
iodine  containing  molecules  dissociation  with  the  help  of  this  type  of  discharge. 

Scope  of  Work  and  Technical  Approach 
The  fulfillment  of  the  project  was  in  conjunction  with  the  following  items: 

A-1.  Development  of  spectroscopy  technique  of  active  medium  flow  Mach  number 
determination  inside  the  resonator  cavity,  measuring  the  sonic  velocity  out  of 
Doppler  broadening  of  gain  contour  and  flow  velocity  out  of  measurements  of 
gain  contour  splitting.  To  achieve  this  goal  the  probe  laser  beam  should  be  at  an  angle 
to  the  gas  flow  vector. 

A-2.  Development  of  one-dimensional  mathematical  model  of  mixing  chamber 
with  three  types  of  jets  at  its  inlet.  A  simple  mathematical  model  provides  the 
possibility  of  qualitative  study  of  the  dependence  of  flow  characteristics  at  the  mixing 
chamber  outlet  on  the  gases’  parameters  at  its  inlet. 

A-3.  Modiflcation  of  the  existing  discharge  system  considering  previous 
experimental  results  with  intention  to  further  increase  discharge  power  load.  The 

modified  discharge  chamber  has  been  designed  and  manufactured,  with  water  cooled 
electrodes  insulated  from  the  discharge  chamber  body.  This  permits  to  reach  higher 
discharge  power  load,  to  improve  performance  stability  and  reproducibility  of  results. 
The  existing  power  supply  has  been  be  improved  also. 

A-4.  Study  of  the  vortex-stabilized  discharge  characteristics  in  pure  oxygen  and 
singlet  delta  oxygen  content  in  the  downstream  afterglow  region  for  power  load  up 
to  3  kj/g.  The  intention  was  to  study  vortex-stabilized  discharge  behavior  in  pure 
oxygen  for  increased  power  load  up  to  3  kJ/g  (approximately),  and  to  determine  the 
highest  singlet  oxygen  content  in  the  afterglow  region  vs  discharge  power,  gas  pressure, 
gas  flow  and  electrode  configuration. 

A-5.  Improvement  of  design  of  the  nozzle  bank  considering  up  to  date 
understanding  of  the  existent  phenomena.  8  different  nozzle  banks  have  been 
developed  and  there  performances  have  been  compared. 
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A-6  To  perform  ‘cold’  gas  dynamic  tests  of  new  design  of  the  nozzle  bank  using 
the  special  resonator  cavity  without  the  mirror  tunnels.  The  special  cavity  without 
mirror  tunnels  has  been  designed  and  “clean”  gas  dynamic  tests  of  new  nozzle  banks 
have  been  performed  (without  former  found  influence  of  gas  flow  from  these  tunnels 
on  the  mixed  flow  parameters).  These  investigations  has  allowed  to  determine  the 
influence  of  gases’  input  parameters  and  details  of  design  on  the  parameters  of  the 
completely  mixed  flow. 

A-7  Study  of  efficiency  and  mixing  rate  of  iodine  using  laser  induced  fluorescence 
(LIF).  The  goal  of  this  study  was  to  determine  the  distance  from  the  new  nozzle  bank 
where  all  the  components  are  fully  mixed  and  where  resonator  optical  axis  should  be 
placed.  LIF  pictures  for  all  nozzle  banks  gave  information  about  influence  of  the 
different  nozzles’  features  on  mixing  efficiency. 

A-8  Measurement  of  small  signal  gain  distribution  within  the  resonator  cavity 
cross  section  employing  tunable  single  mode  semiconductor  laser,  temporarily 
provided  by  the  Partner.  The  aim  of  this  study  was  to  measure  small  signal  gain  of 
the  active  medium,  its  variations  along  and  across  the  flow.  This  measurements 
provided  information  about  stored  energy  dissipation  or  loss  of  iodine  atoms,  which  is 
important  for  understanding  the  processes  taking  place  in  the  laser  active  medium. 

A-9  Study  of  the  singlet  delta  oxygen  content  in  the  downstream  afterglow  region 
using  mixtures  of  oxygen  with  rare  gases.  The  intention  was  to  determine  the  upper 
limits  and  optimal  conditions  of  singlet  oxygen  production  at  increased  pressure  (which 
is  advantageous  for  further  use  in  a  supersonic  flow  system). 

A- 10  Laser  experiments  with  the  new  nozzle  bank.  The  experiments  with  laser 
operation  and  output  power  optimization  summed  up  the  results  of  nozzle  bank  design 
improvement  and  determine  prospects  of  the  new  method  of  active  medium  production. 

A- 11  Experiments  with  chlorine  pre-diluted  with  helium  in  the  ratio  of  Cl2:He=l:l 
to  increase  conductivity  of  the  oxygen  nozzles,  singlet  oxygen  yield,  small  signal 
gain  and  output  power.  The  goal  was  to  increase  laser  chemical  efficiency  with  the 
existing  nozzle  bank  as  well  as  with  the  new  one.  This  objective  has  been  reached. 

A- 12  Measurement  of  iodine  atoms  concentration  when  methyl  iodide  is  mixed 
into  the  discharge  or  downstream  afterglow  regions.  The  intention  was  to  measure 
iodine  atoms  production  rate  produced  by  dissociation  when  methyl  iodide  is  mixed 
into  discharge  or  in  the  downstream  afterglow  region. 

Excited  atomic  iodine  concentration  has  been  determined  by  absolute  measurements  of 
1.315  pm  line  intensity.  Absorption  coefficient  due  to  atomic  iodine  has  been  measured 
with  the  help  of  the  tunable  single  mode  semiconductor  laser  device,  temporarily 
provided  by  the  Partner. 

The  investigations  were  in  part  basic  and  in  part  applied. 
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The  planned  experimental  and  theoretical  investigations  were  aimed  to  a  great  extent 
for  further  understanding  of  physical  processes  taking  place  during  mixing  of  gaseous 
components  and  laser  active  medium  preparation.  The  information  was  obtained  about 
typical  spatial  mixing  scale  of  iodine  vapor  with  other  flow  components,  about  typical 
lengths  downstream  of  nozzle  bank  where  molecular  iodine  dissociation  starts  and 
finishes,  about  small  signal  gain  value  and  its  evolution  along  the  flow,  which  is 
important  for  optimal  placement  of  resonator  optical  axis  and  output  coupling.  Also,  the 
information  was  obtained  about  the  influence  of  the  nozzle  bank  design  and  gas  jets 
initial  parameters  on  the  full  pressure  after  the  straight  shock  wave,  which  is  close  to 
the  recovery  pressure  at  the  diffuser  outlet.  The  mathematical  model  of  mixing  chamber 
was  developed  to  predict  gas  dynamic  properties  of  fully  mixed  flow.  The  experiments 
with  vortex-stabilized  discharge  provided  knowledge  about  the  main  regular  trends  of 
discharge  methods  of  excited  oxygen  metastablities  generation.  This  helped  to 
understand  better  the  processes  in  weakly  ionized  gas  discharge  plasma.  The 
information  was  obtained  about  the  influence  of  power  load,  pressure,  flow  rate,  gas 
mixture,  electrode  configuration  in  vortex-stabilized  glow  discharge  on  singlet  oxygen 
production.  For  the  first  time  the  information  was  obtained  about  atomic  iodine 
production  by  means  of  iodine-containing  organic  additives  dissociation  in  vortex- 
stabilized  glow  discharge. 

The  knowledge  obtained  during  investigation  is  to  a  large  extent  of  a  general  physics 
nature.  These  results  are  necessary  for  the  Executor  and  Partner  for  deep  understanding 
of  the  active  medium  kinetics  and  for  design  of  future  laser  systems,  their  supersonic 
diffusers  and  pump  systems  with  smaller  overall  size  and  weight  and  lower  power 
consumption. 


Development  of  the  highly  efficient  COIL,  based  on  jet  SOG  with  moderate 
pressure,  with  unique  active  medium  characteristics  became  possible  due  to  15  years 
accumulation  of  results  of  thorough  experimental  and  theoretical  investigations  of 
singlet  oxygen  generators,  chemical  oxygen-iodine  laser  and  various  methods  of  its 
active  medium  preparation,  including  electric  discharge  implementation,  in  Samara 
branch  of  LPI.  The  following  factors  and  method  developed  in  Samara  branch  of  LPI 
prove  the  ability  to  carry  out  this  project: 

•  Acknowledged  by  international  scientific  community  high  scientific  and  technical 
quality  of  investigations  performed  in  Samara  branch  of  LPI  in  this  field; 

•  Lacilities  to  develop  (and  adapt)  COIL  experimental  setups  and  vortex-flow  electric 
discharge  tube  with  proper  characteristics; 

•  High  scientific  and  technical  qualifications  of  personnel; 

•  Implementation  of  a  number  of  refined  methods  of  gas  medium  diagnostics  and  laser 
operation  parameters  in  COIL: 

-  photometry  method  of  [?  2  (^A)l,  [?  2(^S)k  [H2OI  measurement; 

-  photometry  method  of  [J2I  measurement; 

-  photometry  method  of  [CI2I  measurement  with  sensitivity  <0.1  torr; 


spectroscopy  methods  of  measurements  of  small  signal  gain,  static  temperature  and 
speed  of  a  sonic  in  active  medium  using  tunable  single  mode  semiconductor  laser; 
developed  methods  of  measurement  of  gas  dynamic  characteristics; 

Methods  of  design  of  jet  SOG  and  COIL,  proved  in  experiments; 

Computer  assisted  data  acquisition  and  processing  system; 

Methods  of  vortex-flow  tubes  design  proved  in  experiment; 

Experience  in  experiments  with  powerful  gas  discharge  in  gas  flow; 

Method  of  ?  2(^A)  content  absolute  measurement  with  the  help  of  spectrophotometer, 
calibrated  against  the  black  body  radiation. 


lU 


RESULTS 


Specification: 

Pl-the  pressure  in  reaction  zone  of  JSOG,  (accuracy  1  torr) 

P2-  the  plenum  pressure  (in  front  of  nozzle  bank),  ((accuracy  1  torr) 

P3-the  wall  static  pressure  at  the  distance  64  mm  from  nozzle  bank,  (accuracy  0.5  torr) 
P4  -the  initial  full  pressure  of  the  secondary  buffer  gas,  (accuracy  1  torr) 

P5-  the  Pitot  (recovered)  pressure,  (accuracy  1  torr) 

P5’  -calculated  Pitot  pressure 

P6  -the  initial  full  pressure  of  the  primary  buffer  gas  (accuracy  10  torr) 

P*  -  the  full  (stagnation)  pressure  of  gas  flow  in  the  cavity  (calculated) 

M-  Mach  number  of  the  gas  flow 
WL(MHz)-pressure  broadening  width  of  the  gain  line 
Wg(MHz)-  the  Doppler  width  of  the  gain  line 
g,  SSG(%/cm)-  small  signal  gain 
AN(cm’^)-  inversion  population 
T  (K)-  static  gas  temperature 
T*(K)-  stagnation  gas  temperature 
Ps  (torr)static  pressure  calculated  from  W l 

T=(W g/14.49)^  -  gain  medium  temperature  calculated  from  Gaussian  of  Voight  gain  line 

U(m/c)-  gain  medium  absolute  velocity 

Up  (m/s)-  transverse  pulsation  velocity 

Cn,  Co,  Cc  -  specific  heat  capacities  of  N2,  02,  C12  gases 

Gi -primary  molar  flow  of  N2,  mmole/s 

G2  -  secondary  molar  flow  rate  of  N2,  mmole/s 

Go  -  chlorine  molar  flow  rate,  mmole/s 

Gi2-  iodine  molar  flow  rate,  mmole/s 

Ut  -  chlorine  utilization  in  the  JSOG 

Z  -  the  distance  between  the  probe  beam  position  and  the  nozzle  bank  outlet 

Y-  the  distance  between  the  probe  beam  position  and  the  center  line  of  the  gas  stream 


1.  GAIN  MEASUREMENTS  OE  ACTIVE  MEDIUM 
PRODUCED  BY  EJECTOR  NOZZLE  BANK 
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1.1.  THE  GAIN  SPECTRUM  OF  COIL  ACTIVE  MEDIUM. 


The  Chemical  oxygen-iodine  laser  operates  on  the  strongest  I(^Pi/2,f=3  )— >I(^P3/2,f=4)  hyperfine  component  of  the  spin 


orbit  transition  of  atomic  iodine  at  the  wavelength  A,=1.315|im.  The  broadening  of  the  gain  line  in  the  uniform  laminar 
gas  stream  is  due  to  pressure  broadening  and  Doppler  broadening  that  results  in  Voigt  gain  line  shape.  The  small  signal 
gain  (SSG)  on  this  transition  is  equal  to: 


V(X)= 


7 

giX)  =  -AN^V(X) 

12  oTl 

ln(2)  7  exp(-ZMln2/iyc') 


jt  nWr 


•I 


ix-zf 


(1) 

dZ 


where  AN  is  the  total  inverted  population  on  the  transition  ^Pi/2— >^P3/2.  A=5.1s'',  X  =  v-Vo  is  the  frequency  shift 
relative  the  centerline  frequency  Vo  and  V(X)  is  a  Voigt  line  shape  function,  normalized  to  unity,  Wl  is  the  pressure 
broadening  term  (FWHM),  Wd  is  the  Doppler  width  (FWHM).  The  inverted  population  is  determined  by  the  total 
concentration  of  iodine  atoms  Ni,  the  singlet  oxygen  yield  Y=[02('A)]/([02(*A)]-f[02(^21)])  and  the  static  temperature 
T  of  the  active  medium: 


AV  = 


(a^-i)t+i 


(2) 


where  Kea=0.75exp(401/T)  is  the  equilibrium  constant  for  the  process 

02(*A)-fI(  P3/2)  ■o  02(^21)h-I(^Pi/2),  and  Yth=(2KeqH-l)''  is  the  threshold  fraction  of  02('A)  at  which  the  inverted  population 
vanishes. 

The  pressure  broadening  term  (FWHM)  WL=PY(XiJrifi(300/T)  scales  linearly  with  the  total  pressure  P,  the  parameters 
tti  are  the  pressure  broadening  coefficients  at  room  temperature,  Xj  molar  fraction  of  T”  gas  component.  With  the 
assumption  that  the  functional  form  for  the  temperature  dependence  for  all  gas  components  can  be  expressed  as  (300/T)^ 
the  pressure  broadening  term  (FWHM)  width  is  given  by: 

WL=P(300/T)^ZaiA:i.  (3) 


With  these  assumptions  it  has  been  found  that  ^=0. 87+0. 13  for  the  temperature  interval  220°K-340°K  [See  Part  4].  In 
contrast  to  low  pressure  COIL  the  pressure  broadening  is  a  very  essential  for  high  pressure,  low  temperature  COIL  gain 
medium  generated  by  the  ejector  nozzle  bank.  The  Doppler  width,  (FMHM)  is  given  by: 

Wd(MHz)  =14.49  t’-""  (4) 

where  T  is  measured  in  °K. 

As  a  result  of  the  Doppler  effect  the  measured  central  frequency  of  the  SSG  spectrum  for  a  beam  directed  at  an 
angle  (p  with  respect  to  the  normal  of  the  gas  flow  velocity  is  shifted  by 

Av=sin((p)U/A  (5), 


1.2.  EXPERIMENTAL  SET-UP 


The  special  set-up  was  designed  for  measurements  of  COIL  parameters  with  probe  laser.  The  gas  flow  part  of 
COIL  consists  of  the  Jet  SOG,  nozzle  bank,  mixing  chamber,  chamber  with  the  optical  wedges.  JSOG  produced  the  high 
pressure  02(*A)  flow.  This  JSOG  was  earlier  used  as  energy  source  of  1.4  kW  COIL  with  slit  nozzle[l].  The  designed  of 
nozzle  banks  will  be  described  later.  The  outlet  cross  section  of  each  nozzle  bank  was  15x50  mm^.  The  COIL  active  length 
was  equal  to  50  mm.  The  nozzle  bank  was  connected  to  mixing  chamber.  Mixing  chamber  has  initial  cross  section  16x50 
mm^.  The  walls  of  the  chamber  were  turned  on  2°  relatively  to  the  flow  direction. 


IZ 


Fig. 1.1.  Oblique  beam  direction. 


Fig. 1.2.  Normal  beam  direction 


The  positions  of  pressure  gauges  are  shown  in  fig.  1.3 


A  diode  laser  probe  (Physical  Sciences  Inc.)  was  tuned  to  the  resonant  frequency  of  the  iodine  transition 
I("Pi/2,F=3)^I(¥3/2,  F=4)  to  measure  gain.  The  line  shape  of  the  probe  laser  is  close  to  Lorenzian  with  FWHM  AVp= 
8MHz,  and  the  laser  frequency  was  varied  ±  1500MHz  relative  to  line  center.  Two  different  optical  schemes  were  used  in 
these  experiments.  In  the  first,  the  probe  laser  beam  was  deflected  by  a  prism  from  normal  incidence  and  entered  the 
active  medium  at  an  angle  of  -27.5°.  The  probe  beam  entered  and  exited  the  medium  at  81mm  and  55mm,  respectively, 
from  the  nozzle  exit  plane.  The  path  of  probe  beam  was  located  in  the  middle  plane  of  the  mixing  chamber.  After 
reflection  from  a  planar  mirror,  the  probe  laser  beam  returned  through  the  active  medium  at  an  angle  of  (p  =  +27.5°.  The 
intensity  of  the  probe  laser  was  measured  by  a  photodetector.  The  photodetector  and  probe  laser  locations  differed  slightly 
due  to  the  0.5°  angle  between  the  primary  and  reflected  beams.  The  round  trip  gain  spectrum  measured  with  this 
configuration  consisted  of  two  peaks,  each  Doppler  shifted  on  Av  from  line  center  due  to  the  flow  velocity  of  the  gas,  g(X) 
=  [gi(X-Av)]  +  [g2(X+Av)].  The  quantities  gi  (X-Av)  and  g2(X+Av)  are  the  SSG  for  primary  and  reflected  beams 
respectively.  It  is  assumed  that  in  the  general  case  the  Voigt  line  shape  function  and  the  peak  of  the  SSG  may  be  different 
for  the  primary  and  reflected  beams  but  constant  along  each  path. 

In  the  second  experimental  configuration  the  probe  beam  entered  the  cavity  normal  to  the  gas  flow  velocity, 
(9=0).  This  configuration  allowed  the  determination  of  a  map  of  the  SSG  and  spectral  parameters  of  the  active  medium 
over  the  limits  of  the  window  aperture.  The  error  of  the  probe  beam  alignment  was  estimated  to  be  ~1°.  The  angle 
alignment  error  for  the  normal  incidence  beam  causes  additional  spectral  broadening  g(X)  due  to  the  Doppler  effect. 
Numerical  simulation  of  this  effect  indicates  that  the  ±1°  error  increases  Wq  by  1  MHz  . 


Scanning  the  SSG  spectrum  was  achieved  during  5  seconds  when  all  gas  flows  were  stationary.  The  probe  laser 
hardware  and  software  provided  for  real  time  acquisition  of  the  SSG  spectrum  and  calculation  of  g(X)=[gi(X- 
Av)+g2(X+Av)]  for  the  first  optical  scheme  or  g(X)=l/2[gi(X)+g2(X)]  for  the  second  optical  scheme.  It  is  possible  to 
separate  the  Gaussian  and  Lorenzian  spectral  components  if  gi(X)  and  g2(X)  are  assumed  to  be  Voigt  functions.  In  fact, 
gi(X-Av)  and  g2(X+Av)  were  calculated  individually  for  first  optical  scheme  and  [gi(X)+g2(X)]  was  calculated  for  the 
second  scheme.  Since  the  probe  laser  has  a  Lorenzian  line  shape  with  AVp  =8MHz,  the  observed  spectrum  is  a  convolution 
of  the  probe  and  the  gain  spectrum.  Therefore,  the  observed  width  of  the  Lorenzian  line  shape  is  WL+AVp.  Further 
mathematical  processing  of  these  functions  allows  the  determination  of  the  peak  SSG  gi(0),  g2(0)  as  well  as  Av,  Wl,  and 
Wg. 

The  orifice  for  measuring  Ps  was  located  in  the  center  of  the  mixing  chamber  wall  of  64  mm,  downstream  from 
the  nozzle  exit  plane.  In  hot  experiments  the  Pitot  tube  of  5  mm  in  diameter  with  I  mm  receiving  hole  was  placed  in  the 
center  of  the  mixing  chamber  of  90  mm,  downstream  from  nozzle  exit  plane.  The  molar  flow  rates  of  primary  nitrogen  Q, 
secondary  nitrogen  Q  and  iodine  molar  flow  rate  Q2  were  measured  with  accuracy  5%.  The  BHP  temperature  t°  was 
measured  by  a  diode  sensor  with  accuracy  0.5  °C 

1.3.  CALCULATION  OF  GAS  FLOW  PARAMETERS  EROM  SPECTROSCOPIC  DATA 


A  typical  SSG  spectrum  for  the  case  (p=27.5°  is  presented  in  fig.  1.4  As  a  result  of  the  Doppler  effect,  the  SSG 
spectrum  consists  of  two  Voigt  functions  shifted  with  respect  to  each  other  by  the  value  2Av.  The  right  peak  in  fig. 2 
correspondents  to  the  forward  trip  of  the  probe  beam  and  the  left  to  the  return  trip.  The  SSG  spectral  line  shape  factors  and 
peaks  differ  slightly  for  the  forward  and  reverse  probe  laser  beam  trips  due  to  pressure  losses  along  the  feed  manifolds  that 
result  in  inhomogeneous  injection  of  the  iodine  and  primary  nitrogen  flow  into  the  mixing  chamber.  During  mathematical 
resolution  of  spectrum  the  peak  gain  and  broadening  parameters  Wli,Wl2,  Wdi,Wd2  have  been  obtained  for  both  resolved 
Voigt  functions.  The  average  values  Wd=(Wdi+Wd2)/2  and  Wl=(Wli+Wl2)/2  have  been  used  in  further  analysis.  During 
spectrum  resolution  it  was  also  possible  to  install  the  constraining  relations  Wl=Wli=Wl2  and  Wd=Wdi=Wd2  to  obtain 
two  Voigt  function  with  identical  broadening  parameters.  The  values  of  Wl  and  Wd  calculated  by  both  methods  differ  less 
that  1%  for  all  data  presented  here.  In  the  case  of  second  optical  scheme  the  broadening  parameters  and  peak  gain  have 
been  determined  by  usual  routine  [2]. 

The  gas  flow  parameters  were  calculated  in  the  next  manner.  The  average  peak  SSG  of  the  active  medium  from 
these  measurements  is  defined  by  g=(g  i(0)+g2(0))/2.  The  absolute  gas  velocity  is  calculated  by: 


Av 


sin(9) 


(6), 


The  uncertainty  in  the  angle  (+1°)  of  the  probe  beam  alignment  results  in  3,3%  error  of  velocity  determination  . 
The  gas  temperature  T(°K)  is  calculated  by 


T  = 


D 


14.49 


(7) 


V - J 

where  Wd(MHz)  is  the  average  Doppler  width  for  both  resolved  Voigt  functions. 
The  Mach  number  of  the  stream  is  estimated  by 

Av  xX 


7  = 


U 


JL  =14.49. 
kRT  WflSin((p)  '^kR 


(8) 


where  R=8.31J/mole/K  is  the  universal  gas  constant,  k=L4  is  the  specific  heat  ratio,  p.  is  the  molecular  weight.  The 
stagnation  gas  temperature  is  defined  by 

T*=T(l+0.2M^f^  (9) 

Under  assumption  of  total  mixing  of  all  three  flows  the  total  heat  power  of  the  flow  is  defined  by 

Q=CGT*,  (10) 

where  C  is  the  molar  heat  capacity,  G=Gb+Gi+G2+Gi2  is  the  total  molar  flow  rate. 

Using  spectroscopic  data  it  is  possible  to  calculate  the  static  pressure  Psin  the  supersonic  core  and  compare  it  with 
measured  static  wall  pressure  Pi  in  the  boundary  layer.  Since  the  composition  of  the  active  medium  consists  primarily  of 
nitrogen  and  oxygen  Ps  in  the  center  of  the  mixing  chamber  is  estimated  by: 

6  T 


P.= 


W, 


^300^ 


(11) 


53xi\j2  +5x()2 

where  5.5MHz/torr  and  5MHz/torr  are  parameters  of  the  collisional  broadening  at  300K°  by  N2  and  O2  respectively  [4], 
xn2,  X12  are  the  mole  fractions  of  nitrogen  and  oxygen,  Wl  is  the  average  pressure  broadening  parameter  for  both  Viogt 
functions. 

The  stagnation  pressure  of  flow  is  calculated  by 

P*=Ps(l+0.2M^)^'^ 


(12) 


and  the  expected  total  pressure  downstream  normal  shock  wave  or  Pitot  pressure  is  estimated  by 


P5=Ps 


166.7 M  ‘ 


-if ^ 


.(13) 


The  density  of  inversion  population  is  equal  to 


AiV=^E^TsSG('v>fv(14) 

^34^  -oo 

It  is  necessary  to  remark  that  the  probe  beam  interacts  only  with  gain  zones  of  the  gas  stream.  Hence  the  gas  flow 
parameters  calculated  from  (6-14)  will  be  valid  only  for  gas  zones  containing  iodine  atoms. 

The  example  of  gain  line  profile  is  shown  in  Fig.  1 .4. 


Fig. 1.4 

SSG  spectrum  for  the  probe  laser  beam.  Triangles  is  experimental  spectrum  g(X),  solid  curve  Voigt  functions  gi(X)  and 

g2(X)  resolved  from  g(X). 


1.4.  GAIN  AND  SOME  GASDYNAMIC  PARAMETERS  OE  THE  GAIN  STREAM,  GENERATED  BY 

NB-1. 


02  flow 
N2+I2  flow 
N2  flow 


Fig. 1.5  The  sketch  of  NB-1. 

Brief  description.  It  consists  of  7  slits  (2.5x15  mm)  for  Ct(*A),  the  distance  between  centers  of  slits  was  D=  6.5  mm,  8 
rows  with  7  cylindrical  holes  01  mm  for  the  primary  N2,  14  tubes  with  15  holes  00.5mm  in  each  tube  for  N2+I2.  The 
N2+I2  flowed  into  tubes  from  both  sides  for  more  uniform  injection  of  iodine.  The  N2+I2  flow  is  injected  parallel  to 
02(*A)  flow.  The  primary  nitrogen  also  flowed  into  injector  from  both  sides  for  uniform  injection  in  Y  direction.  Previous 
tests  demonstrated  that  the  best  results  have  been  reached  at  lower  secondary  nitrogen  flow  rate  (11  mmole/s  than  40 
mmole/s  which  was  used  in  earlier  experiments  described  in  AIAA  Paper  2427  -2000)  and  this  value  was  used  in  all  our 
experiments. 


1.4. 1  Variation  of  primary  nitrogen  molar  flow  rate  MNP. 
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Fig. 1.6  The  dependencies  of  pressures,  maximum  gas  temperature  T,„  and  gas  velocity  on  primary  nitrogen 

molar  flow  rate. 
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The  rise  of  Q  results  in  increase  of  pressure  in  cavity,  plenum  pressure  and  pressure  in  JSOG.  It  indicates  that  choking 
effect  takes  place.  The  rise  of  Q  results  in  increasing  of  Pitot  pressure  also  but  reduction  of  SSG  (Fig.  1.7a).  In  spite  of 
decreasing  of  gas  temperature  and  Wg  ,  the  increase  of  pressure  broadening  Wl  and  reduction  of  the  inversion  population 
(Fig.  1.7b)  leads  to  the  decrease  of  SSG.  The  decrease  of  AN  may  be  due  to  reduction  of  Ni  or  02(*A)  fraction  Y  with  the 
rise  of  MNP.  The  degrades  Y  should  accompany  by  the  rise  heat  release  and  gas  temperature  what  is  in  conflict  with 
experiments.  Probably  the  water  vapor  condensation  on  the  BHP  aerosol  took  place  during  gas  jets  mixing  and  then  iodine 
atoms  and  molecules  attached  to  these  small  ice  particles.  The  heterogeneous  water  vapor  condensation  on  the  small  salt 
centers  is  more  probable  process  in  real  conditions  than  homogeneous  condensation.  This  process  may  occur  at  less  value 
of  the  water  vapor  supersaturation. 


MNP,  mmole/s 


a  b 

Fig  1.7  The  dependence  of  SSG,  Pitot  pressure  P5  and  inversion  population  on  Gi. 

1.4.2  Variation  of  BHP  temperature. 
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Fig.  1.8  Dependence  of  SSG,  Pitot  pressure  P5,  gas  velocity  U  and  gas  temperature  T  on  BHP  temperature. 

The  rise  of  BHP  temperature  results  in  increase  of  water  vapor  fraction  in  gas  flow  and  worsening  of  the  12  dissociation. 
The  quenching  of  I*  and  02(*A)  leads  to  the  raise  of  gas  temperature  T. 


SSG,  %/cm 


1.4.3  The  dependence  of  SSG  and  T  on  iodine  molar  flow  rate. 
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Fig.1.9  The  dependencies  of  SSG,  PS,  T,  U  on  iodine  molar  flow  rate 
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Fig.  1.10.  The  dependencies  of  SSG  and  T  on  iodine  molar  flow  rate. 


The  values  of  SSG  in  measurements  for  oblique  beam  direction  are  slightly  higher  than  for  normal  beam  direction.  In  the 
first  optical  scheme  the  probe  beam  enters  into  active  medium  on  the  distance  81  mm  apart  from  NB-1  and  leaves  active 
medium  on  distance  55  mm.  But  in  second  scheme  the  probe  beam  located  at  64  mm  apart  from  NB-1. 
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1.4.4  The  dependence  of  SSG  and  T  on  distance  Z  from  NB-1. 
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Fig.  1.11.  The  dependence  of  SSG  and  T  on  distance  Z  from  NB-1  for  different  G12  and  T(BHP) 
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Fig.  1.12.  The  dependence  of  SSG  and  T  on  distance  from  NB-1 


The  SSG  degrades  with  distance  Z  from  NB-1.  For  higher  Q  this  degradation  is  stronger.  For  the  same  primary 
molar  flow  rate  the  degradation  of  SSG  is  stronger  for  higher  Q2.  The  increase  of  BHP  temperature  up  to  -5.6C  doesn’t 
result  in  intensification  of  SSG  degradation. 

Our  preliminary  conclusion:  the  degradation  of  SSG  is  due  to  iodine  condensation  or  attachment  to  small  ice 
particles.  When  the  primary  nitrogen  flows  out  from  nozzle  it  turns  iodine  jets  into  direction  of  O^(^A)  flow.  Because  the 
local  concentration  of  02('A)  and  12  in  the  jets  near  NB-1  are  very  high  the  dissociation  is  very  fast.  After  that  the  intense 
turbulent  mixing  of  I2+02(*A)  with  primary  N2  takes  place  and  the  the  static  temperature,  local  concentrations  of  0^, 
FI2O,  residual  I2  fall  dawn  quickly  similar  as  in  the  supersonic  nozzle. 

The  flow  is  supersaturated  by  iodine  vapors.  The  saturated  iodine  pressure  at  temperature  ~200K  has  value  of  the  order  of 
10’®  torr  but  the  real  partial  iodine  pressure  is  of  the  order  of  0.01  torr.  The  three  particles  collisions  I+I2+M  at  higher 
MNP  are  faster  also.  The  iodine  clusters  may  be  produced  also  in  the  region  where  12  flow  contacts  with  primary  N2  flow. 
After  mixing  I  atoms  can  be  captured  by  these  small  iodine  clusters  or  by  ice  particles  in  the  oxygen  jets.  For  higher  12  or 
N2  flow  rates  this  effect  will  be  more  intense.  Fleterogeneous  condensation  I2  and  attachment  iodine  atoms  require  much 
less  values  of  the  iodine  supersaturation.  The  condensation  shock  wave  must  not  be  looking  in  the  real  situation. 
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I.4.5.  Operation  of  NB-1  with  dilution  of  chlorine  with  helium. 

It  was  found  in  the  previous  experiments  that  the  rise  of  Q  leads  to  choking  of  the  oxygen  flow  in  JSOG,  the 
decrease  gas  velocity  in  JSOG  and  02(*A)  losses  in  reaction  zone.  The  mixture  of  C12  with  Helium  should  be  supplied  to 
JSOG  to  prevent  02('A)  losses.  The  total  pressures  PI,  P2  increase  in  this  case  but  partial  oxygen  pressure  in  the  JSOG 
and  plenum  decreases  with  the  rise  of  helium  molar  flow  rate  due  to  improving  the  gas  conductivity  of  the  nozzles.  The 
02(*A)  yield  increases  with  the  rise  of  helium  molar  flow  rate  because  px  parameter  decreases. 


a 

a 

a 

a 

1 

1 

E 

A 

i 

r  A 

• 

• 

• 

• 

? 

T 

T 

B  PI  in  JSOG 
•  partial  02  pressure  in  JSC 
▲  P2  pienum  pressure 
▼  partial  02  plenum  pressur 

G 

...... 

0-1 — , — I — , — I — , — I — , — I — , — I — , — — , — — , — , 

-5  0  5  10  15  20  25  30  35 


He,  mmole/s 


Fig.  1.13.  Dependence  of  pressures  on  helium  molar  flow  rate. 
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Fig.1.14.  Dependence  of  SSG  and  T  on  Helium  dilution  of  chlorine, 
a)  set-up  B,  Gi2=0.55  mmole/s;  h)  set-up  B,  G[2=0-8  mmole/s 

The  SSG  demonstrates  the  weak  dependence  on  He  dilution.  It  is  strange  from  the  first  point  of  view  because 
02(*A)  yield  increasing  was  expected.  May  be  the  absolute  velocity  of  02(*A)-i-He  flow  is  higher  than  for  pure  02(*A)  and 
thus  contact  time  of  Q(*A)-i-He  and  N2-I-I2  jets  at  high  pressure  is  shorter  than  in  the  case  of  chlorine  undiluted  with 
helium.  Another  reason  of  the  decrease  of  iodine  dissociation  rate  may  be  lower  02(*A)  partial  pressure  in  the  02(*A)-i-He 
jets. 
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1.4.6  Operation  of  NB-1  with  primary  argon  buffer  gas. 

The  using  of  more  heavy  Argon  instead  of  nitrogen  as  a  primary  buffer  promised  the  rise  Pitot  pressure  due  to  increasing 
momentum  of  the  ejecting  gas.  But  experiments  results  demonstrate  the  increase  of  static  pressure  in  the  cavity  without 
changing  Pitot  pressure.  As  a  result  the  Much  M  number  is  lower  for  Ar  than  for  nitrogen  buffer  gas. 
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The  absolute  gas  velocity  was  lower  also  (argon  heavier  than  nitrogen)  (Fig.  1.15).  The  measured  gas  temperature  is  close 
to  the  temperature  in  the  case  of  nitrogen  primary  buffer  gas.  Such  behavior  may  be  explained  by  the  higher  specific  heat 
ratio  YAr  =1.67.  The  noble  gases  produce  the  jets  with  higher  initial  Mach  number  at  the  same  throat  and  outlet  cross 
section  squares  in  the  nozzle  bank.  The  interaction  of  these  jets  in  the  space  between  iodine  injector  tubes  produces  at 
larger  Mach  number  the  system  of  more  intense  shock  waves  and  increases  the  pressure  losses. _ 
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Fig.  1.15  The  dependence  of  SSG,  absolute  gas  velocity  and  T  on  G12. 

The  SSG  degrades  with  the  increase  of  distance  from  NB-1  (Fig. 3. 1 1). 


distance  from  NB-1, mm 


Flg.1.16.  Dependence  of  SSG  and  Tm  on  distance  from  NB-1. 
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1.5.  PARAMETERS  OF  THE  GAS  FLOW  FOR  NOZZLE  BANK  NB-2. 

The  sketch  of  nozzle  bank  NB-2  is  shown  in  Fig.  1.17. 


I  N2  flow 

Fig.1.17.  The  sketch  of  NB-2. 


Brief  description.  NB-2  consists  of  7  slits  (2.5x15  mm)  for  02(*A),  the  distance  between  centers  of  slits  D=  6.5  mm, 

8  rows  with  7  cylindrical  holes  01  mm  for  the  primary  N2,  14  tubes  with  15  holes  00.5mm  in  each  tube  for  N2-I-I2.  The 
N2-I-I2  flowed  into  tubes  through  both  sides  for  more  uniform  injection  of  iodine.  The  N2-I-I2  flow  is  injected 
perpendicular  to  the  02(*A)  flow.  The  primary  nitrogen  also  flowed  into  injector  through  both  sides  for  uniform  injection 
in  Y  direction. 


1.5.1  The  dependence  of  gas  flow  parameters  on  primary  nitrogen  molar  flow  rate. 
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Fig.  1.18.  Dependence  of  SSG,  pressures  PI,  P2,  P3,  P5  on  MNP 

The  effect  of  oxygen  flow  choking  exists  for  NB-2  also.  But  this  effect  is  lower  than  for  NB-1.  The  pressure  P3  is 
higher,  P5  is  lower  than  pressures  for  NB-1  for  the  same  Gi.  Thus  Much  number  of  flow  is  lower  than  for 
NB-1.  As  a  result  the  gas  velocity  is  lower  but  temperature  is  higher  than  for  NB-1. 
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1.19.The  dependence  of  gas  velocity  and  temperature  on  Gi 


1.5.2  The  dependence  of  SSG  and  T  on  iodine  molar  flow  rate  G^. 
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Fig.  1.20  The  dependence  of  SSG  and  T  on  iodine  molar  flow  rate  MI2. 

The  SSG  for  NB-2  is  higher  than  for  NB-1  for  the  same  G12.  But  maximum  SSG  is  lower  than  for  NB-1.  In  NB-2  iodine  is 
injected  perpendicular  to  oxygen  flow.  The  residual  time  for  high  pressure  02(^A)+I2  mixture  is  longer  than  for  NB-1.  The 
efficiency  of  iodine  dissociation  is  better  than  for  NB-1.  As  a  result  the  SSG  higher  than  for  NB-1.  The  video  showed  that 
bright  yellow  flame  in  the  case  of  NB-2  became  very  homogeneous  and  much  shorter  than  in  the  case  of  NB-1. 
Simultaneously  high  local  iodine  and  water  vapor  concentration  (I,  I2,  H2O)  leads  to  quenching  of  02('A).  The  quenching 
of  02('A)  at  high  G12  so  intense  that  result  in  degradation  of  SSG. 


15.3.  The  dependence  of  SSG  and  Tm  on  distance  from  NB-2. 
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1.21.  The  dependence  of  SSG  and  T  on  distance  from  NB-2. 

The  SSG  degrades  along  gas  flow  not  so  fast  like  in  the  case  of  NB-1.  But  the  “measured  temperature”  T  drops  are 
essentially.  There  may  be  two  effects.  First:  the  hot  C^(*A)-i-I  mixture  mixes  with  cold  N2  flow.  Second:  the  turbulent 
pulsation  dumps  along  gas  flow  what  leads  to  narrowing  of  Doppler  width  Wq.  The  inversion  population  drops  are  more 
considerable  than  SSG  (Fig.  1.22.). 
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Fig.  1.22  The  dependence  of  inversion  density  on  the  distance  from  NB-2. 


pressures,  torr 


I.5.4.  The  operation  of  NB-2  with  dilution  of  chlorine  with  Helium. 

The  dilution  of  chlorine  with  Helium  was  used  to  decrease  residual  time  of  high  pressure  mixture  Q(’A)+I2. 
Simultaneously  the  partial  pressure  of  C12  and  residual  time  in  SOG  were  decreased  also  (Fig.  1.23).  It  was  measured  that 
gas  velocity  U,  P3  and  P5  didn’t  depend  on  G(He)  practically  at  used  dilutions. 
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Fig.1.23.  The  dependence  of  pressures,  SSG  and  gas  temperature  on  Helium  molar  flow  rate. 


The  dependence  of  SSG  and  T  on  iodine  flow  rate  when  CI2  diluted  by  Helium(Fig.  1.24). 
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Fig.l.24.Dependence  of  SSG  and  T  on  iodine  molar  flow  rate. 

Hence  the  dilution  of  chlorine  by  helium  results  in  increase  of  SSG  and  decrease  of  temperature.. 
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1.6.  PARAMETERS  OE  THE  GAS  ELOW  WITH  NOZZLE  BANK  NB-5. 

The  sketch  of  NB-5  is  shown  in  Fig. 1.25.  Brief  description.  NB-5  consists  of  7  slits  (2.5x15  mm)  for  02('A),  the 
distance  between  centers  of  slits  6.5  mm,  8  rows  with  7  conical  nozzles  with  throat  00.7  mm  ,  02  mm  output,  angle  of 
expansion  20°  for  primary  N2,  14  slits  with  height  0.5  mm  for  N2-I-I2.  Unfortunately  the  iodine-i-N2  mixture  flowed  into 
tubes  only  from  one  side  of  tube  and  N2  primary  flowed  into  the  nozzle  from  one  side  also.  It  was  due  to  specific  design  of 
NB-5. 
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Fig.  1.25.  The  sketch  of  NB-5 


1.6.1.  Dependence  of  gas  flow  parameters  on  primary  nitrogen  molar  flow  rate  MNP. 
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Fig.l.26.Dependencies  of  the  measured  pressures  on  primary  nitrogen  molar  flow  rate. 

These  dependencies  were  obtained  for  Gi=l  1  mmole/s  and  they  change  slowly  on  iodine  molar  flow  rate.  The  absolute  gas 
velocities  U=530  m/s  and  U=550  m/s  were  obtained  for  Gi=250  mmole/s  and  Gi=500  mmole/s  accordingly. 


1.6.2.  The  dependence  of  SSG  and  T  on  G^. 
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Fig.1.27.  Dependencies  of  SSG  and  T  on  iodine  molar  flow  rate  G12 

It  was  strange  that  T  is  higher  for  higher  Gi . 

I.6.3.  Dependence  of  gas  flow  parameters  on  distance  from  NB-5. 
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Fig.  1.28.  Dependencies  of  gas  flow  parameters  on  the  distance  from  NB-5. 


I.6.4.  Dependence  of  gas  flow  parameters  on  distance  Y  from  the  center  of  flow. 
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Fig.1.29.  Dependence  of  gas  flow  parameters  on  the  distance  Y  from  the  center  of  flow. 

The  strong  asymmetric  dependence  of  SSG  and  T  on  Y  is  due  to  not  uniform  injection  of  12  and  primary  N2.  The  I2+N2 
was  supplied  only  from  the  left  side  (Y<0)  of  the  injection  tube  but  primary  N2  was  supplied  nozzle  only  from  the  right 
side  (Y>0)  (see  fig.  1.30). 
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Fig.1.30.  The  supply  of  NB-5  hy  N2+I2  and  primary  N2 


The  given  realization  of  the  NB-5  was  not  successful  and  further  experiments  with  it  have  been  stopped. 


1.7.  PARAMETERS  OE  THE  GAS  ELOW  EOR  NOZZLE  BANK  NB-3  AND  NB-4. 


The  cold  aerodynamic  experiments  only  were  made  with  these  both  nozzle  banks. 
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Eig.1.31.  Sketch  of  NB-3  and  NB-4 

Brief  description  of  NB-3.  NB-3  consists  of  7  slits  (2.5x15  mm)  for  Ct(*A),  the  distance  between  centers  of  slits  was 
6.5mm,  8  rows  with  8  conical  nozzles  with  throat  00.5  mm  ,  0 1  mm  output,  angle  of  expansion  20°  for  primary  N2,  14 
tubes  with  15  holes  00.5mm  in  each  tube  for  N2+I2.  The  N2+I2  flowed  into  tubes  from  both  sides  for  more  uniform 
injection  of  iodine.  The  N2+I2  flow  is  injected  parallel  to  the  02(*A)  flow.  The  primary  nitrogen  also  flowed  into  injector 
from  both  sides  for  uniform  injection  in  Y  direction.  In  the  NB-3  nozzles  for  primary  nitrogen  are  conical  Instead  of 
cylindrical  lnNB-1.  This  design  should  provide  the  weakening  of  the  shock  waves’  system  in  the  space  between  iodine 
tubes  and  the  increase  initial  momentum  of  the  ejecting  nitrogen  due  to  higher  stagnation  pressure  (less  total  throat  cross 
section  square). 


Brief  description  of  NB-4.  NB-4  consists  of  7  slits  (2.5x15  mm)  for  02(*A),  the  distance  between  centers  of  slits  6.5  mm, 
8  rows  with  8  cylindrical  holes  01.5  mm  for  primary  N2,  14  tubes  with  15  holes  00.5mm  in  each  tube  for  N2+I2. 

The  N2+I2  flowed  into  tubes  from  both  sides  for  more  uniform  injection  of  iodine.  The  N2+I2  flow  is  injected  parallel  to 
the  02(*A)  flow.  The  primary  nitrogen  also  flowed  into  injector  from  both  sides  for  uniform  injection  in  Y  direction. 

In  the  NB-4  nozzles  for  primary  nitrogen  are  1.5  mm  in  diameter  instead  of  I  mm  in  NB-I.  This  design  gives 
possibility  to  decrease  initial  stagnation  pressure  of  the  ejecting  nitrogen  and  to  change  the  shock  waves’  system  in  the 
space  between  iodine  tubes  to  weaken  choking  effect. 


1.7. 1.  Results  of  cold  aerodynamic  test  of  NB-3. 

Air  (instead  of  chlorine)  with  flow  rate  of  40  mmole/s  through  JSOG  was  used  in  the  cold  experiments,  secondary  N2 
flow  rate  was  equal  to  1 1  mmole/s.  BHP  jets  were  absent  in  the  JSOG. 
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Eig.1.32.  The  dependence  of  pressures  on  primary  nitrogen  molar  flow  rate  MNP. 


The  ratio  P5/P3=9  and  P2>30  torr  for  Gi>300  mmole/s  were  reached  in  these  tests.  It  means  producing  gas  flow  with  high 
Much  number  (approximately  2.6)  but  with  strong  choking  of  flow  from  JSOG  by  primary  nitrogen.  Thus  NB-3  is  worse 
than  NB-1  (the  same  Mach  number  but  stronger  choking).  The  02('A)  should  be  lower  for  NB-3  due  to  higher  P2  and  Pj. 
For  this  reason  hot  test  of  NB-3  were  not  made.  This  nozzle  bank  may  give  good  results  at  dilution  chlorine  by  helium. 

I.7.2.  Results  of  cold  aerodynamic  test  of  NB-4. 

Air  (instead  of  chlorine)  with  flow  rate  of  40  mmole/s  through  JSOG  was  used  in  the  cold  experiments,  secondary  N2 
flow  rate  was  equal  to  1 1  mmole/s.  BHP  jets  were  absent  in  the  JSOG. 
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Fig.1.33.  The  dependencies  of  the  different  pressures  on  primary  nitrogen  molar  flow  rate. 

The  ratio  Ps/Pa^O  and  P2=30  torr  for  G=400  mmole/s  were  reached  in  these  tests.  It  means  producing  gas  flow  with  low 
Much  number  (near  2)  and  not  so  strong  choking  of  flow  from  JSOG  by  primary  nitrogen.  Thus  NB-4  is  worse  than  NB-1 
(lower  Mach)  and  NB-2(stronger  choking).  For  this  reason  hot  test  of  NB-4  were  not  made. 

1.8.  SUMMARY  OF  COMPARISON  NOZZLE  BANK  DESIGNS 

The  parameters  of  active  medium  produced  by  three  best  versions  of  nozzle  banks  were  tested  using  probe  laser 
diagnostics.  These  nozzle  banks  provide  high  Much  number,  high  gain,  low  temperature  and  high  recovered  pressure  of 
active  medium  in  the  laser  cavity.  It  was  found  that  turbulent  pulsation  cause  additional  broadening  of  gain  line  but 
simultaneously  turbulent  pulsation  provides  fast  mixing  of  three  gas  flows.  The  best  parameters  (highest  SSG+  highest 
Pitot  pressure)  active  medium  is  presented  in  Table. 


Conditions 

Parameter 

NB-1 

NB-2  (for  Gi2=0.6 
mmole/s) 

NB-5 

Gi=250  mmole/s 

G2=11  mmole/s 

Gr2=0.8  mmole/s 
Gd==39.2  mmole/s 
T(BHP)=-16C 

SSG,  %/cm  (Z=64mm) 

0.65 

0.6 

0.55 

Gas  velocitv,  rn/s 

-580 

-510 

530 

Temperature  T,  K 

-210 

-210 

200 

Pitot  pressure  P5,torr 

-58 

-50 

50 

Static  pressure  P3,torr 

-8.5 

-10 

10 

Gi=500  mmole/s 

G2=11  mmole/s 

Gr2=0.8  mmole/s 
Gd=39.2  mmole/s 
T(BHP)=-16C 

SSG,  %/cm 

0.5 

0.45 

0.35 

Gas  velocitv,  rn/s 

-600 

-550 

550 

Temperature  T,  K 

-180 

-195 

210 

Recovered  pressure  P5,torr 

~90 

-70 

70 

Static  pressure  P3,torr 

-11 

-14 

14 

Only  aerodynamic  experiments  with  NB-3  and  NB-4  were  performed.  The  choking  effect  for  NB-3  was  very  strong.  The 
recovered  pressure  for  NB-4  is  lower  than  for  NB-1. 

Thus  the  active  medium  of  COIL  with  high  gain,  high  recovered  pressure  and  low  temperature  can  be  produced 
by  NB-1  andNB-2. 


1.9.  A  MORE  DETAIL  ANALYSIS  OE  SOME  RESULTS  OE  SMALL  SIGNAL  GAIN  MEASUREMENTS  ON  A 
SUPERSONIC  COIL  WITH  AN  ADVANCED  NOZZLE  BANK. 

The  dependence  of  SSG  and  temperature  on  iodine  molar  flow  rate  Q2  is  presented  in  fig.  1.34.  The  SSG  and 
temperature  grow  up  to  Q2  =1  mmole/s.  The  measurements  showed  that  absolute  gas  velocity  and  Mach  number 
monotonically  decrease  with  increase  of  Q2.  This  fact  is  evident  because  the  increase  of  Q2  results  in  acceleration  of 
chemical  reactions  and  heat  release. 


Fig. 1.34.  The  gain  and  temperature  as  a  function  of  iodine  molar  flow  rate  Gi-  G=530  mmole/s,  G2=ll  mmole/s, 
t=-16°C. 


The  dependence  of  some  parameters  on  primary  nitrogen  molar  flow  rate  Q  are  presented  in  fig. 1.35, 1.36.  The 
increase  of  Gi  results  in  a  decrease  of  temperature  and  SSG,  a  raise  of  gas  velocity,  Mach  number  and  Pitot  pressure  P2. 
The  highest  absolute  gas  velocity  U=615  m/s  have  been  obtained  for  G=530  mmole/s.  These  data  shows  that  the 
stagnation  gas  temperature  T*  decreases  with  increase  of  Gi  but  total  heat  power  Q  increases.  It  was  found  that  the  raise  of 
Gi  from  163  mmole/s  to  530  mmole/s  results  in  increase  of  plenum  pressure  from  25  torr  to  34.5  torr.  Hence  the  real  throat 
for  the  oxygen  flow  is  located  downstream  from  the  nozzle  bank  and  its  cross  section  decreases  with  increase  of  Q .  This 
aerodynamic  throat  for  oxygen  flow  is  formed  by  expanding  supersonic  jets  of  primary  nitrogen.  First  of  all  the  raise  of  Q 
results  in  increase  of  02(*A)  losses  during  oxygen  transport  between  JSOG  and  nozzle  bank.  Another  reason  is  the  increase 
of  02('A)  losses  between  nozzle  bank  and  aerodynamic  throat  where  reactions  between  02(*A)  and  iodine  occur. 


G^,  mmole/s 


Fig. 1.35.  The  gain  and  Mach  number  as  a  function  of  primary  nitrogen  molar  flow  rate  Gi.  G2=II  mmole/s,  Gi2=0.8 

mmole/s,  t=-I6°C. 
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Fig. 1.36.  The  temperature  and  Pitot  pressure  as  a  function  of  primary  nitrogen  molar  flow  rate  Gi-  G2=ll 

mmole/s,  Gi2=0-8  mmole/s  t=-16°C. 

The  influence  of  BHP  temperature  on  the  active  medium  parameters  are  presented  in  fig. 1.37, 1.38.  The  essential 
decrease  of  the  gain  and  increase  of  the  static  and  stagnation  temperatures  with  increase  of  BHP  temperature  is  evidently 
due  to  the  raise  of  the  water  vapor  fraction  in  the  oxygen  flow.  The  increase  of  the  heat  release  can  be  due  as  acceleration 
of  chemical  reaction  involving  water  vapor  as  the  increase  of  the  heat  release  during  water  vapor  condensation  in 
supersonic  flow.  The  initial  average  temperature  of  all  three  streams  from  the  nozzle  bank  is  estimated  by  the  value 
-300  °K.  The  increase  of  BHP  temperature  from  -20°  C  to  -4°C  results  in  increase  of  water  vapor  fraction  in  the  oxygen 
flow  in  several  times  [6]  but  stagnation  gas  temperature  increases  only  on  20°  K.  This  increase  is  less  than  the  increase  of 
stagnation  temperature  from  initial  temperature  300°K  to  375°K  at  BHP  temperature  -20°C.  It  means  than  main  part  of 
02(*A)  losses  and  heat  release  occurs  as  a  result  of  chemical  reaction  involving  rather  iodine  than  water  molecules. 
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Figl.37.  The  gain  and  temperature  as  a  function  of  BHP  temperature.  Gi=270  mmole/s  G2=ll  mmole/s,  Gi2=0.8 

mmole/s. 
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Fig. 1.38.  The  stagnation  temperature  T*,  static  Ps  and  wall  pressure  P3  as  a  function  of  BHP  temperature.  Gi=270 

mmole/s  62=!  1  mmole/s,  Gi2=0.8  mmole/s. 

The  static  pressure  P,  was  calculated  from  (11)  in  the  assumption  that  molar  ration  :s2/i(02=Gi/(Go+Gi)  that 
means  the  total  mixing  of  all  three  streams  flowed  out  from  nozzle  bank.  The  Pj  and  P3  increase  with  the  raise  of  BHP 
temperature  that  is  due  to  the  raise  of  gas  temperature.  The  static  pressure  Ps  is  higher  than  the  wall  pressure  P3  but  ratio 
Ps/P3=0.89  doesn’t  depend  on  BHP  temperature. 

As  expected,  when  the  probe  laser  beam  was  directed  transversely  to  the  gas  velocity  vector  ((p=0°)  the  splitting 
of  the  spectral  line  was  absent.  The  dependence  of  gain,  temperature  and  calculated  static  pressure  Ps  along  the  gas  stream 
are  presented  in  fig.  1.39- 1.41.  The  gas  temperature  is  essentially  constant  along  the  flow  direction  but  static  pressure 
decreases  linearly  with  the  distance  from  the  nozzle  exit  plane.  In  fact,  the  effect  is  stronger  for  the  higher  primary  nitrogen 
flow  rate.  A  faster  drop  of  gain  than  pressure  along  the  gas  stream  means  that  gain  drop  can  not  be  explained  only  by 
expansion  of  the  gas  flow.  Using  the  values  of  Mach  number  M=2.27  for  Gi=530  mmole/s  and  static  pressure  Ps=11.6  torr 
at  the  distance  84  mm  the  nozzle  bank  (13)  gives  the  value  of  Pitot  pressure  P5  =82.4  torr.  This  value  is  very  close  to  the 
measured  Pitot  pressure  P5  =88.7  torr. 


DISTANCE, mm 


Fig. 1.39.  The  SSG  as  a  function  of  distance  from  the  nozzle  hank.  G2=ll  mmole/s,  Gi2=0.8  mmole/s,  t=-16°C. 

The  probe  laser  measurements  along  gas  flow  have  been  performed  also  for  higher  BHP  temperature  t=  -5,6°C 
and  Gi2=0.8  mmole/s  and  for  lower  iodine  molar  flow  rate  Q2=0.4  mmole/s  and  BHP  temperature  -16°C.  In  both  cases  the 
highest  gain  was  achieved  also  at  distances  less  than  44  mm  from  the  nozzle  bank  and  temperature  was  approximately 
constant  along  gas  flow.  It  was  found  that  the  rate  of  the  gain  decrease  along  a  gas  flow  didn’t  depend  on  Qj  and  BHP 
temperature. 
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Fig. 1.40.  The  temperature  as  a  function  of  distance  from  the  nozzle  bank.  G2=ll  mmole/s,  Gi2=0.8  mmole/s,  t=- 

16*^  C. 
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Fig. 1.41.  The  static  pressure  as  a  function  of  distance  from  the  nozzle  hank.  Gz^ll  mmole/s,  Gi2=0.8  mmole/s,  t=- 
16C.  Open  symbols  is  the  wall  pressure  at  the  distance  64  mm  from  the  nozzle  hank. 


1.10.  DISCUSSION 

The  highest  gain  and  low  gas  temperature  establish  on  the  distances  less  than  44  mm  from  the  exit  of  the  nozzle 
bank.  The  temperature  of  those  parts  of  stream  that  contains  atomic  iodine  is  depends  on  the  distance  from  the  nozzle 
bank.  The  low  gas  temperature  can  not  be  explained  only  by  supersonic  expansion  of  oxygen+iodine  flow.  According  to 
spectroscopic  data  for  Gi=530  mmole/s  the  temperature  T=181°K  and  static  pressure  Ps=  12.2  torr  establish  at  distance  64 
mm  from  nozzle  bank.  For  the  same  gas  flow  conditions  M=2.27,  and  wall  pressure  P3=ll  torr  is  slightly  lower  than  static 
pressure  determined  from  spectroscopic  data.  This  data  gives  calculated  stagnation  pressure  P*=145  torr.  This  value  is 
much  higher  than  plenum  pressure  of  oxygen  34.5  torr  and  stagnation  pressure  of  the  secondary  nitrogen  flow  (in 
experiment  stagnation  pressure  of  11  mmole/s  of  secondary  nitrogen  equaled  60  torr).  The  high  stagnation  pressure  of 
zones  containing  gain  can  be  due  only  to  momentum  transfer  from  the  high  momentum  stream  of  the  primary  nitrogen. 
The  momentum  transfer  occurs  simultaneously  with  heat  and  mass  transfer  between  cold  primary  nitrogen  supersonic  flow 
and  gain  zones. 

Hence  the  low  temperature  of  gain  zones  is  due  to  mass  and  heat  transfer  between  oxygen-iodine  stream  and  stream  of 
primary  nitrogen.  The  observed  fast  mass,  heat  and  momentum  transfer  rate  can’t  be  explained  only  by  molecular  transfer 
mechanism.  For  rarified  oxygen-nitrogen  gas  at  pressure  11  torr  the  molecular  transfer  coefficient  D  is  of  the  order  of  10 
cm^/s.  The  estimated  mixing  distance  is  of  the  order  of  Un=(d^/D)U=700  cm,  where  d=:0.35  cm  is  the  distance  between 
oxygen  and  nitrogen  nozzles.  This  distance  is  much  bigger  than  the  observed  distance  of  mixing. 

The  supersonic  gas  stream  generated  by  ejector  nozzle  bank  is  characterized  by  a  strong  initial  inhomogeneous 
distribution  of  the  gas-dynamic  parameters:  velocity,  pressure,  temperature.  The  initial  inhomogeneous  distribution  of  gas- 
dynamic  parameters  results  in  generation  the  periodic  and  chaotic  pulsation  of  the  gas  velocity,  pressure  and  temperature. 
High  Reynolds  number  of  the  flow  (Re=:5000)  and  heat  release  in  oxygen-iodine  zones  can  intensify  these  pulsation.  This 


pulsation  results  in  much  faster  heat,  mass  and  momentum  transfer.  The  fast  mass  transfer  is  supported  by  LIF  experiments 
showed  fast  mixing  of  all  three  streams  flowed  out  from  nozzle  bank  [1].  The  fast  momentum  transfer  was  supported  also 
by  measurements  of  Pitot  pressure(fig.l.42).  In  these  aerodynamic  experiments  the  Pitot  pressure  distribution  was 
measured  in  the  center  plane  of  the  mixing  chamber  by  Pitot  tube  2  mm  in  diameter.  The  oxygen  flow  was  replaced  by 
nitrogen  flow  of  39.2  mmole/s.  It  was  found  that  ratio  of  average  Pitot  pressure  deviation  to  the  average  Pitot  pressure 
across  gas  flow  decreases  from  30%  to  7%  when  the  distance  increases  from  40  mm  to  90  mm  from  the  nozzle  bank. 

The  fast  mixing  is  accompanied  by  chaotic  transverse  pulsation  of  gas  velocity.  The  transverse  velocity  pulsation 
leads  to  additional  broadening  of  gain  line  because  of  Doppler  effect.  The  additional  broadening  of  the  gain  line  shape  may 
be  caused  by  wave  processes  on  the  contact  borders  of  the  jets  also.  The  high  pressure  primary  nitrogen  jets  expand  and 
generate  intense  transverse  momentum  which  provides  compression  of  the  oxygen  and  N2+I2  jets  which  tends  to  promote 
choking  of  the  flow  downstream  of  the  minimum  geometric  cross  sectional  area  (ie.  the  nozzle  bank).  The  static  oxygen 
pressure  in  this  aerodynamic  throat  is  higher  than  the  nitrogen  pressure.  The  oxygen  jets  then  expand  to  become  supersonic 
which  compresses  the  nitrogen  jets.  The  compressing  and  decompressing  of  jets  can  be  repeated  many  times  along  gas 
flow  [7].  In  connection  with  this  the  correct  interpretation  of  data  obtained  from  the  spectroscopic  measurements  occurs. 
The  distribution  of  transverse  velocity  Ut  can  contain  a  Gaussian  component 


T(FD=7^J— exil 

t/„  1  7t 


ln2 


where  Uo  is  the  characteristic  velocity.  It  gives  the  overestimation  of  the  gas  temperature  on  AT(°K)=(Uo/9.53)^  ,  where  Uo 
is  in  (m/s).  For  example  the  transverse  velocity  tJo  of  the  order  of  30  m/s  results  in  ~10°K  overestimation  of  the  gas 
temperature.  The  possibility  of  turbulence  in  COIL  active  medium  with  pulsation  transverse  velocity  of  the  order  of  20% 
of  the  streamwise  velocity  have  been  predicted  in  [8]. 

The  decrease  of  the  SSG  with  distance  from  the  nozzle  exit  plane  may  be  partially  explained  by  the  gas  flow  expansion 
and  pressure  drop  (fig. 1.41).  This,  however,  is  insufficient  to  explain  the  decrease  in  the  small  signal  gain  along  the  flow 
direction.  The  kinetics  of  the  excited  state  quenching  of  oxygen  and  iodine  at  low  temperatures  are  poorly  understood. 
Analysis  using  room  temperature  rate  constants  for  the  quenching  of  O2  ('A)  and  exited  iodine  atoms  cannot  explain  the 
observed  drop  in  the  SSG  along  the  flow  direction.  At  low  gas  temperatures  the  homogeneous  condensation  of  water 
vapor  and  the  attachment  of  iodine  atoms  to  the  surface  of  the  small  ice  particles  may  play  a  substantial  role.  Water  vapor 
and  iodine  condensation  on  BHP  aerosol  particles  can  also  take  place. 


Fig.1.42.  The  Pitot  pressure  distribution.  Gi=50  mmole/s,  G2=ll  mmole/s,  Go(nitrogen)=9.2  mmole/s,  Gi2=0.  y- 

direction  across  the  flow,  z-direction  along  the  flow 


It  was  found  that  the  static  pressure  calculated  from  (1 1)  is  slightly  higher  than  the  wall  pressure  for  given  experimental 
conditions.  One  of  the  reasons  of  this  discrepancy  is  the  overestimation  of  the  gas  temperature  from  (7).  Another  possible 
reason  of  the  pressure  difference  is  the  existence  of  shock  and  expansion  waves  in  the  mixing  chamber. 

The  compression  of  oxygen  flow  and  secondary  nitrogen  flow  by  primary  nitrogen  jets  plays  a  very  important  role  in 
the  formation  of  gain  in  the  present  nozzle  bank.  The  compression  leads  to  the  formation  for  oxygen-iodine  flow  of 
aerodynamic  throat  located  downstream  nozzle  bank.  It  seems  to  us  that  the  main  part  of  molecular  iodine  dissociated  in 
the  region  between  iodine  injection  and  aerodynamic  throat  cross  sections.  The  chemical  reactions  that  occur  in 
dissociation  region  results  in  02(*A)  losses  and  heat  release.  The  optimization  of  position  and  size  of  this  aerodynamic 
throat  is  the  key  to  achieve  the  high  gain  with  minimal  losses  of  02(*A).  This  situation  is  analogous  to  optimization  of  the 
iodine  injection  point  and  the  throat  size  in  COIL  with  slit  nozzle  [9,  10]. 


1.11.  CONCLUSION 

Tunable  Diode  laser  spectroscopy  has  been  used  to  interrogate  the  gain  in  the  COIL  active  medium.  A  detailed 
analysis  gives  not  only  the  SSG  and  temperature  but  other  important  parameters  of  the  supersonic  flow.  The  absolute  gas 
velocity,  static  pressure,  gas  temperature  of  the  gain  medium  generated  by  an  advanced  ejector  nozzle  bank  have  been 
determined  from  spectroscopic  data.  At  absolute  gas  velocity  -600  m/s  the  maximum  gain  and  low  temperature  are 
achieved  at  distances  less  44  mm  from  the  nozzle  bank.  The  fast  cooling  and  high  stagnation  pressure  of  the  oxygen- 
iodine  flow  are  evidence  of  fast  mass,  heat  and  momentum  transfer  between  primary  nitrogen  and  oxygen-iodine  flows. 
The  gas  temperature  is  approximately  constant  along  a  gas  flow.  It  was  found  that  gain  drops  along  gas  flow  faster  than  the 
pressure  caused  by  expansion  of  flow  in  mixing  chamber.  The  ejector  nozzle  bank  produces  a  gain  medium  with  high 
Mach  number  M=2.27,  low  gas  temperature- 180K°  ,  high  small  signal  gain  =5x10'^  cm'*,  high  potentially  recovered 
pressure  of  the  order  of  100  torr  at  primary  nitrogen  molar  flow  rate  530  mmole/s.  The  static  pressure  of  supersonic  flow 
determined  from  the  spectroscopic  data  is  slightly  higher  than  the  wall  pressure.  The  decrease  of  primary  nitrogen  molar 
flow  rate  down  to  270  mmole/s  increases  of  the  gain  up  to  7x  10’^  cm'*  but  increase  the  gas  temperature  to  220°K.  The  rise 
of  BHP  temperature  from  -20°C  to  -4°C  leads  to  the  gain  decrease  in  1.4  times,  increase  of  the  gas  temperature  and  static 
pressure. 

Fast  transfer  phenomena  in  the  gain  medium  generated  by  ejector  nozzle  bank  is  due  to  generation  of  a 
transverse  component  of  stream  velocity  that  cause  additional  broadening  of  gain  line.  In  this  situation  the  calculated 
gas  temperature  and  static  pressure  are  overestimated. 
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Part  2.  AERODYNAMIC  TESTS  OE  THE  NEW  EJECTOR  NOZZLES 


2.1.  IMPROVEMENT  OE  DESIGN  OE  THE  NOZZLE  BANK  CONSIDERING  UP  TO  DATE 
UNDERSTANDING  OE  THE  EXISTENT  PHENOMENA. 

NB-6,  NB-7,  NB-8  have  been  additionally  designed  and  manufactured 

NB-6.  NB-6  consists  of  5  slits  (3.5x16  mm)  for  02(^A)  (flow  0),  the  distance  between  centers  of  slits  9.5  mm,  6  rows  with 
7  conical  nozzles  with  throat  01  mm  ,  02  mm  output,  for  primary  N2  (flow  1),  10  tubes  with  15  holes  00.5mm  in  each 
tube  for  N2-I-I2  (flow  2).  The  N2-I-I2  flowed  into  tubes  from  both  sides  for  more  uniform  injection  of  iodine.  The  N2-I-I2 
flow  is  injected  parallel  to  C^(*A)  flow.  The  primary  nitrogen  also  flowed  into  injector  from  both  sides  for  uniform 
injection  in  Y  direction.  The  larger  cross  section  of  oxygen  nozzle  have  been  made  to  decrease  choking  effect. 


Fig.2.1 

Axis  of  conical  nozzles  parallel  to  axis  of  mixing  chamber 


NB-7.  NB-8  consists  of  5  slits  (3.5x16  mm)  for  02(*A)  (flow  0),  the  distance  between  centers  of  slits  9.5  mm,  6  rows  with 
7  conical  nozzles  with  throat  01  mm  ,  02  mm  output,  for  primary  N2  (flow  1),  10  tubes  with  15  holes  00.5mm  in  each 
tube  for  N2-I-I2  (flow  2).  The  N2-I-I2  flowed  into  tubes  from  both  sides  for  more  uniform  injection  of  iodine.  The  N2-I-I2 
flow  is  injected  parallel  to  C^(’A)  flow.  The  primary  nitrogen  also  flowed  into  injector  from  both  sides  for  uniform 
injection  in  Y  direction.  The  larger  cross  section  of  oxygen  nozzle  have  been  made  to  decrease  choking  effect. 

2  degree 


Axis  of  conical  nozzles  turned  on  2  degree  relative  to  the  axis  of  mixing  chamber.  In  the  next  row  of  conical  nozzles  the 
direction  nozzles  axis  are  reversed.  The  axis  of  the  extreme  nozzle  parallel  to  the  chamber  axis. 

Designed  of  NB-7  was  not  correct  and  no  test  have  been  made  with  NB-7. 

NB-8.  NB-8  consists  of  5  slits  (3.5x16  mm)  for  02(*A)  (flow  0),  the  distance  between  centers  of  slits  9.5  mm,  6  rows  with 
7  conical  nozzles  with  throat  01  mm  ,  02  mm  output,  for  primary  N2  (flow  1),  10  tubes  with  15  holes  00.5mm  in  each 
tube  for  N2-I-I2  (flow  2).  The  N2-I-I2  flowed  into  tubes  from  both  sides  for  more  uniform  injection  of  iodine.  The  N2-I-I2 
flow  is  injected  parallel  to  0^(*A)  flow.  The  primary  nitrogen  also  flowed  into  injector  from  both  sides  for  uniform 
injection  in  Y  direction.  The  larger  cross  section  of  oxygen  nozzle  have  been  made  to  decrease  choking  effect. 

The  axis  of  the  4  conical  central  nozzles  for  primary  nitrogen  are  turned  on  2degree,  the  axis  of  the  extreme  nozzles  are 
parallel  to  the  chamber  axis.  The  axis  of  the  next  4  lower  central  nozzles  are  turned  on  2  degree  in  the  reverse  direction. 
Hence  4  of  7  nozzles  in  one  row  are  turned  on  2  degrees  in  right  direction  and  3  of  7  nozzles  in  left  direction. 


2  degree 


Fig.2.3 


2.2.  ‘COLD’  GAS  DYNAMIC  TESTS  OF  NEW  DESIGN  OF  THE  NOZZLE  BANK  USING  THE  SPECIAL 
RESONATOR  CAVITY  WITHOUT  THE  MIRROR  TUNNELS. 

Results  of  ‘cold’  gas  dynamic  tests. 

The  next  parameters  have  been  measured:  P2-oxygen  plenum  pressure,  P3-static  wall  pressure  at  the  distance  64  mm  from 
the  nozzle  bank,  Pitot  pressure  P5  at  the  distance  90  mm  from  the  nozzle  bank  in  the  center  of  the  mixing  chamber.  M- 
mach  number  of  flow.  The  results  of  experiments  for  Gi~500  mmole/s  of  primary  nitrogen  (flow  1),  Co=39.2  mmole/s  of 
air  (flow  0)  through  oxygen  nozzles  and  G2=l  1  mmole/s  of  secondary  nitrogen  (flow  2)  are  presented  in  Table  . 


Nozzle  bank 

Gi, mmole/s 
(flow  1) 

P2,  torr 

P3,  torr 

P5,  torr 

M 

NB-1 

516 

30 

8.8 

78 

2.54 

NB-2 

510 

29.8 

10.5 

61 

2.05 

NB-3 

500 

42 

9.56 

86 

2.57 

NB-4 

520 

36 

10.5 

68 

2.15 

NB-5 

495 

30.5 

8.1 

65.4 

2.42 

NB-6 

525 

15.8 

7.7 

106 

3.2 

250 

13.6 

3.5 

48.6 

3.2 

2.3.  THE  PITOT  PRESSURE  DISTRIBUTION. 


The  Pitot  pressure  distribution  across  (Z  direction)  and  along  flow(X  direction)  for  nozzle  banks  NB-1,  NB-6,  NB-8  was 
measured  in  detail. 
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Fig.  2.4.  The  Pitot  pressure  distribution  for  NB-I. 


The  average  Pitot  pressure  is  shown  by  solid  line.  The  ratio  of  the  average  Pitot  pressure  deviation  to  the  average  value  is 
shown  in  Fig. 2. 5. 
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Fig.2.5  The  damping  of  Pitot  pressure  deviation.  (NB-1). 


distance  along  optical  axis  or  across  flow 


Fig.2.6.  Pitot  pressure  distribution  for  NB-6  for  low 
and  high  nitrogen  molar  flow  rate  through  oxygen  nozzles. 

The  damping  of  Pitot  pressure  deviation  along  gas  flow  for  NB-6  is  low  than  for  NB-1. 
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Fig.2.7  The  Pitot  pressure  distribution  across  gas  flow  for  NB-8. 

The  Pitot  pressure  distribution  across  gas  flow  for  NB-1  is  much  smooth  than  for  NB-6  and  NB-8.  It  seems  to  us 
that  more  smooth  distribution  for  NB-1  is  due  to  a)  smaller  scale  of  oxygen  nozzles,  b)  the  cylindrical  nozzles  produce 
nitrogen  jets  with  higher  size  than  conical  nozzles.  The  lower  average  Pitot  pressure  for  NB-8  than  for  NB-6  is  due  to 
oblique  direction  of  nozzle  axis. 


2.4.  STUDY  OF  EFFICIENCY  AND  MIXING  RATE  OE  IODINE  USING  LASER  INDUCED  ELUORESCENCE. 


The  Laser  induced  fluorescence  (LIF)  experiments  to  observe  mixing  of  gas  flows  generated  by  NB-1,  NB-2,  NB-6,  NB-8. 
The  array  of  Ar-laser  beams  were  produced  by  hologram.  The  direction  of  flow  is  perpendicular  to  the  AR-laser  beams  and 
directed  up.  The  yellow  trace  is  molecular  iodine  emission.  Higher  yellow  emission  is  higher  iodine  concentration.  The 
appearance  of  dark  traces  in  the  upper  part  of  LIF  picture  is  due  to  low  intensity  of  Ar-laser  beams  in  upper  part  of  mixing 
chamber  because  the  upper  beams  corresponds  to  higher  order  of  hologram  interference.  Single  Ar-beam  LIF  experiments 
were  also  performed  for  better  contrast  of  LIF  picture. 


Fig.2.8.  LIF  picture  in  mixing  chamber  for  NB-1.  Gi=500  mmole/s,  G2=10  mmole/s,  Go=40  mmole/s. 


Fig.2.9.  LIF  picture  in  mixing  chamber  for  NB-2.  Gi=500  mmole/s,  G2=10  mmole/s,  G|)=40  mmole/s 


a  b 

Fig.2.10.  LIF  picture  in  mixing  chamber  for  NB-6.  Q=500  mmole/s,  Gz^lO  mmole/s,  Go=60  mmole/s.  a)  iodine 
through  oxygen  nozzles,  b)iodine  through  iodine  nozzles 

The  LIF  experiments  showed  that  flow  2  is  totally  mixed  with  flow  0  from  oxygen  nozzles  but  primary  nitrogen 
flow  1  is  not  totally  mixed  with  flow  2.  For  nozzle  bank  NB-6  the  additional  LIF  experiment  was  performed  .  A  molecular 
iodine  vapor  were  added  to  the  nitrogen  flow  0  through  oxygen  nozzles  and  through  iodine  nozzles  only  pure  secondary 
nitrogen  flow  2  was  passed.  The  LIF  pictures  were  practically  identical. 

Thus  the  LIF  experiments  showed  that  flow  2  is  almost  totally  mixed  with  flow  0  but  primary  nitrogen  1  is  not 
totally  mixed  with  mixture  of  flows  0  and  2. 


Z=84mm| 


Z=64mm 


Fig.2.11.  LIF  picture  in  mixing  chamber  for  NB-8.  Gi=500  mmole/s,  Gli^lO  mmole/s,  Go=60  mmole/s. 

These  observations  showed  that  mixing  efficiency  is  better  for  NB-8,  than  for  NB-6. 


2.4.1.  Summary 

The  Pitot  pressure  distribution  and  LIF  observations  showed  that  better  mixing  occurs  when  next  actions  are 

made: 

1.  Decrease  of  nozzle  element  scale, 

2.  Using  cylindrical  nozzles  instead  of  conical  or  profiled  nozzles. 

3.  Deflection  of  nozzle  axis  relative  to  the  each  other  and  relative  chamber  axis. 


3.  NEW  COIL  POWER  EXTRACTION 
EXPERIMENT  WITH  EJECTOR  NOZZLE  BANK 


3.1.  New  power  extraction  experiments  with  NB-1. 

The  output  power  in  COIL  experiments  was  measured  from  both  mirrors.  The  total  power  is  W=W  1+W2,  where 
W  isthe  output  power  from  the  first  mirror,  W2  is  the  output  power  from  the  second  mirror.  The  total  mirror  transmission  is 
T1+T2. 


S.l.lDependence  of  output  power  and  gain  on  the  iodine  molar  flow  rate. 


Gi  (nitrogen) 

270mmole/s 

G,  (nitrogen) 

11  mmole/s 

Go 

39.2  mmole/s 

He  dilution  of  chlorine 

no  diulution 

T(BHP) 

-16C 

first  mirror  transmission  T1 

2.4% 

second  mirror  transmission  T2 

0.8% 

0,7 

0,6 

0,5 
E 
o 

O 

0,2 

0,1 

0,0 


800 

700 

600 

500 

5 

400  ^ 

5 

o 

300  ^ 
200 
100 


0,3  0,4  0,5  0,6  0,7  0,8 

MI2,  mmole/s 


0,9 


1,0 


Fig.  3.1.  Dependence  of  gain  and  output  power  on  iodine  molar  flow  rate. 
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Fig.  3.2.  Dependence  of  gain  and  output  power  on  iodine  molar  flow  rate. 

The  maximum  power  is  achieved  at  iodine  molar  flow  rate  less  than  iodine  molar  flow  rate  at  which  maximum  gain 
establishes. 


3.1.2  DEPENDENCE  OE  OUTPUT  POWER  ON  TOTAL  MIRROR  TRANSMISSION 
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Eig.3.3.  The  dependence  of  output  power  on  total  mirror  transmission. 

The  gain  measured  by  probe  laser  is  close  to  the  gain  at  which  output  power  vanishes. 


3.1.3.  COIL  experiments  with  chlorine  pre-diluted  with  Helium. 
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Fig.3.4.  Dependence  of  ouput  power  on  Helium  molar  flow  rate 
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Fig.3.5.  Dependence  of  output  power  on  total  mirror  transmission. 

The  main  conclusion  from  these  experiments:  the  dilution  of  chlorine  by  Helium  results  in  substantial  power  increase.  But 
it  was  found  that  SSG  didn’t  substantially  increase  (Part  1).  Hence  the  dilution  by  He  results  in  increase  of  02(*A)  yield  but 
not  gain. 


^5 


3.2  NEW  POWER  EXTRACTION  EXPERIMENTS  WITH  NB-2. 


3.2.I.  COIL  Operation  at  Gi=270  mmole/s. 
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Fig.3.6.  Dependence  of  gain  and  output  power  on  iodine  molar  flow  rate 

The  maximum  power  is  achieved  at  much  low  G12  than  maximum  gain.  So  to  big  losse  of  02('A)  during  formation  of  gain 
medium  by  NB-2. 
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Fig.3.7 .Dependence  of  output  power  on  He  dilution 
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Fig.3.8.  Dependence  of  power  on  the  total  mirror  transmission 


3.2.2.  COIL  operation  at  Gh=530  mmole/s. 
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3.3.  COIL  OPERATION  WITH  NB-6  AND  NB-8. 


In  the  next  table  the  main  results  of  power  extraction  with  NB-6  and  NB-8  are  presented.  The  higher  chlorine  molar  flow 
rate  56  mmole/s  was  in  these  experiments. 


Parameter 

NB-8 

NB-6 

Go,  mmole/s 

56 

56 

G|,  mmole/s 

500 

500 

staanation  pressure,  atm 

3,3 

3,5 

G^,  mmole/s 

10 

10 

Power  without  dilution  by  He 
Plenum  pressure  44  torr 

870W(17%) 

654W(12.9%) 

Power  with  dilution  CL2:He=l:  1 

Total  Plenum  pressure  53  torr 
Oxygen  partial  pressure  26.5  torr 

956W(18.8%) 

increase  of  Helium  dilution  results  in 
power  decrease 
for  Cl2:He  1:1  dilution  525W 
for  Cl2:He  1:0.5  dilution  624W 

The  decrease  of  power  with  increase  of  helium  molar  flow  rate  in  the  case  of  NB-6  we  explain  by  shorter  residence  time  of 
the  oxygen-iodine  mixture  in  the  region  between  nozzle  bank  and  aerodynamic  throat. 

3.4.  CONCLUSION 

The  highest  chemical  efficiency  have  been  achieved  with  NB-1  and  helium  dilution  of  chlorine.  In  the  case  of  NB-2  the 
losses  of  02(*A)  are  bigger  than  in  the  case  of  NB-2.  Probably  in  the  case  of  NB-6  the  residence  time  of  oxygen-iodine 
mixture  at  high  pressure  between  nozzle  bank  and  aerodynamic  throat  is  short  to  achieve  efficient  dissociation  of  iodine. 
Another  reason  is  much  worse  mixing  of  oxygen-iodine  stream  with  primary  nitrogen  stream.  Unfortunately  the  probe 
laser  diagnostics  experiments  have  not  been  performed  with  NB-6  and  NB-8.  The  higher  power  with  NB-8  than  with  NB-6 
is  due  to  better  mixing  of  flows.  The  residence  time  between  nozzle  bank  in  the  case  of  NB-6  is  expected  shorter  than  in 
the  case  of  NB-8.  It  is  proved  by  increase  of  power  with  increase  of  He  dilution  in  the  case  of  NB-8  and  reverse 
dependence  in  the  case  of  NB-6. 


3.5.  ANALYSIS  OF  POWER  EXTRACTION. 


The  measurements  of  gas  flow  parameters,  gain,  singlet  oxygen  yield  allow  to  predict  output  power  and  then  compare  it 
with  real  power  obtained  in  power  extraction  experiments.  In  this  section  the  results  of  measurements  Q(*A)  yield, 
chlorine  utilization,  gain,  gas  flow  parameters,  predicted  and  measured  power  for  COIL  with  NB-1  are  presented. 


3.  5.1.  02(‘A)  yield 

In  fig. 3. 9.  the  results  of  measurements  of  (i(*A)  yield  upstream  of  NB-1  (plenum  yield).  “Pressure*residence 
time”  equals  to  the  product  of  pressure  in  the  JSOG  and  residence  time.  The  measurements  of  02('A)  were  made  according 
to  following  procedure.  The  photodetector  measured  spontaneous  emission  of  02(*A)  in  the  volume  in  front  of  NB-1.  The 
output  from  detector-i-amplifier  is  voltage  V.  that  proportional  to  02(*A)  concentration.  The  partial  oxygen  pressure  in  front 
of  NB-1  Po2  is  easy  calculated  from  chlorine  and  helium  molar  flow  rates,  total  pressure  and  chlorine  utilization.  The 
changing  of  chlorine  molar  flow  rate  and  dilution  by  Helium  allowed  to  change  the  px  parameter.  The  ration  V/P02  is 
proportional  to  02('A)  yield  V/P02  =AY.  The  extrapolation  of  V/P02  when  px^O  gives  AYj  where  Yi  is  a  detachment 
yield  of  Qz(*A)  from  BHP.  Hence  the  colibration  constant  of  photodetector  can  be  found  if  one  knows  value  ^4.  Two 
values  were  assumed  Y(i=l  and  Yd=0.75.  The  first  value  means  that  oxygen  leaves  BHP  with  100%  fraction  of  C)2(*A).  The 
detachment  yield  Yd=0.75  is  assumed  are  measured  in  several  paper  [1]. 


pressure*residence  time,  torr*s 


Eig.  3.9.  02(‘A)  Yield  from  JSOG 

The  pointer  in  the  fig.l  indicated  the  C^(*A)  yiled  in  the  case  chlorine  molar  flow  rate  Q=39.2  mmole/s  and  primary 
nitrogen  molar  flow  rate  Gi=270  mmole/s  or  Gi=529  mmole/s  The  higher  px  and  lower  yield  for  Gi=529  mmole/s  is  due  to 
choking  of  the  oxygen  flow  by  primary  nitrogen  stream. 

3.5.2.  Calculation  of  gas  flow  parameters  from  spectroscopic  measurements. 

The  gas  stream  temperature,  velocity,  Mach  number,  stagnation  temperature  have  been  calculated  on  the  basis  of 
spectroscopic  measurements  presented  in  Part  1.  Additionally  it  is  assumed  of  100%  mixing  of  three  initial  flows  and 
uniformity  of  flow. 

The  total  heat  power  release  in  the  flow  is  calculated  by 

Q=(T*-To)CG  (1) 

where  T*  is  the  stagnation  temperature  calculated  from  (9)  of  Parti,  C  is  the  known  molar  heat  capacity,  G  is  the  total 
molar  flow  rate,  To=300K  is  the  initial  stagnation  temperature  (average  temperature  of  three  flows  flowing  out  from  NB-1) 
Some  amount  of  heat  power  is  due  to  water  vapor  condensation.  We  assume  that  water  vapor  molar  flow  rate  is  equal  to 
Gh2o=Ph20*Go/Pi  where  Ph2o=1-15  torr  is  the  saturated  water  vapor  pressure  in  ISOG  at  -16C.  Also  it  is  assumed  that  all 
water  vapor  condensed  in  the  cold  supersonic  flow.  The  heat  of  water  vapor  condensation  Qc  is  calculated  by 

Qc=  GH2o55.7(KJ/mole)  (2) 

where  55.7  kJ/mole  is  the  heat  of  water  sublimation  at  200K.  The  water  vapor  condensations  results  in  increase  of 
stagnation  temperature 


AT*e=Qc/  CG 


(3) 


The  difference  of  heat  power  Q-Qc  and  stagnation  temperature  AT*=T*-To-AT*c  is  mainly  due  to  quenching  of  Oi('A) 
because  the  main  source  of  energy  is  Q2(*A).  Here  we  neglect  excitation  of  vibration  levels  of  molecules  and  heat  of 
interhalogen  reactions.  Hence  the  fraction  of  02(*A)  that  consumed  for  heating  of  flow  is 


iQ-Qc) 

Gof//94.3 


(4) 


At  low  temperature  (200K)  the  inversion  AN  is  practically  equal  to  the  iodine  atoms  concentration.  Hence  approximately 

N,  ^AN  =-^]g{v)dv  (4) 

A34A,  ^ 


Hence  the  number  of  dissociated  iodine  molecules  is  ANi2=Ni/2.  It  corresponds  to  the  changing  of  the  iodine  molecule 
molar  flow  rate  AGi2=  AN12US,  where  S  is  the  cross  section  of  the  chamber,  U  is  the  gas  velocity.  The  number  of  O^('A) 
molecules  consumed  for  the  break  of  the  I2  bound  is 


AF, 

148.6  J/mole  is  the  dissociation  energy  of  I2. 
Thus  total  02(^A)  losses  is 


0.5A^^5Gx  148.6 
GoUt  X  94.3 


(5) 


AYios=AYb+AYh.  (6) 

The  inlet  02(*  A)  fraction  in  the  flow  is  given  by 

Y=  Yo-AYios  (7) 


To  predict  the  output  power  the  simplest  model  of  Fabry-Perot  resonator  with  infinite  mirror  along  gas  flow  will  be  used. 
The  predicted  power  is  calculated  by 


W  =  Go90.6xl/fx 


t  +a 


-X 


(F-F7^)(8) 


where  Y^n,  is  the  threshold  02(A)  fraction  at  which  gain  is  equal  to  the  distributed  losses  of  the  laser  cavity  g,b=(t+(X)/2L, 
L=5  cm  is  the  gain  length,  t  is  the  total  mirror  transmission,  a  is  the  nonresonant  losses,  90.6  J/mmole  is  the  energy  of  1 
mmole  of  02(A). 

The  Yn,  is  given  by 


2{gthloNi)  +  \ 


(9) 


where  0= 


7 


F(0)  is  the  emission  cross  section,  that  can  be  defined  from 


g=0 


[K,^-1)Y  +  1 


Ni 


where  g  is  the  measured  peak  SSG,  Yth=(2Keq+l)'*. 


(10) 


Finally  output  power  is  given  by 


W  =  Gf,  xC/r  X90.6- 


t  +  a 


-(y-FJ 


Sth 


A 


Sth 


Y -Y, 


th 


go  Y  +  {K,^  -1) 


-1 


r=GoXGfx90.6(F-F,^)n 


FP 


(10) 


where 


rifP  - 


(11) 


1  Sth 

L  g,h  y-Y,h  1 

1 

goY+(K^^-\r\ 

is  the  extraction  efficiency  of  Fabry-Perot  resonator  with  infinite  mirrors. 


The  chemical  efficiency 


ric=(Y-Yth)xUtxripp  (12) 


3.5.3.  Estimated  and  measured  chemical  efficiencies. 

The  analysis  will  be  performed  for  COIL  with  NB-1  for  two  primary  molar  flow  rates.  The  calculations  have  been 
performed  for  detachment  yield  75%.  Results  of  calculations  for  detachment  yield  100%  are  presented  in  brackets. 


Input  Parameter 

Nozzle  bank 

NB-1 

NB-1 

Gi,  mmole/s 

39.2 

39.2 

Gi,  mmole/s 

270 

530 

G?,  mmole/s 

11 

11 

Gi2,  mmole/s 

0.81 

0.81 

The  cross  section  of  flow  ,  S,  cm^ 

10 

10 

Mirror  transmission,  % 

1.14 

1.14 

Nonresonant  losses  (estimation), % 

0.5 

0.5 

Mixing  efficiency  (assumed) 

100 

100 

Geometry  efficiency 

100 

100 

Yn,% 

51(67) 

45(60) 

Chlorine  utilization  Ut ,% 

95 

95 

Power  (experiment) 

683 

612 

Chemical  efficiency  ri,. 

0.192 

0.172 

Output  (measured  yalues) 

g,% 

7 

4.2 

AN=Ni,  cm’^ 

10*^ 

7x10*"^ 

U,  m/s 

580 

610 

T,K 

207 

181 

Calculated  parameters 

Mach  number 

2.02 

2.25 

T*,K 

378 

369 

To,K 

294 

295 

AT*c,  K 

9.7 

4.3 

02('A)  Heat  losses  AYh 

0.20 

0.35 

02(' A)  losses  to  break  hondl-IAYb 

0.02 

0.015 

inlet  02(‘A)  fraction  Y=Yo-AYh-AYb 

0.29(0.45) 

0.085(0.23) 

Threshold  02(*A)  fraction  Yth=(2Keo+l)'* 

0.088 

0.068 

Extraction  efficiency  r|FP  ,% 

0.59(0.60) 

0.44(0.50) 

Predicted  chemical  efficiency  ri=(Y- Yth)xUtxriFp 

0.12(0.22) 

0.1(0.084) 

The  predicted  chemical  efficiency  is  close  to  measured  only  for  Q=270  mmole/s  and  for  assumption  than  QzC'A)  yield 
from  JSOG  is  close  to  67%.  The  predicted  power  for  Q=530  mmole/s  is  much  less  than  measured  for  both  assumption 
about  02(*A)  yield  from  JSOG.  It  means  that  some  assumptions  were  not  correct.  Let’  consider  what  kind  of  assumption 
result  in  underestimation  of  power.  First  of  all  it  is  overestimation  of  02('A)  losses.  Second  is  underestimation  of  power 
extraction  efficiency.  The  overestimation  of  OiC'A)  losses  can  be  due  to  assumption  (1).  The  ratio  (1)  means  that  all  part  of 
gas  stream  has  the  same  temperature  defined  from  spectroscopic  measurements.  This  assumption  can  be  not  correct  in  the 
case  of  G|=530  mmole/s.  Hence  the  Q(*A)  losses  calculated  from  (4)  can  be  overestimated.  The  another  reason  of 
overestimation  is  the  underestimation  of  heat  power  caused  by  water  vapor  condensation.  If  the  carryout  of  BHP  aerosol 
takes  place  then  the  heat  of  condensation  (freezing)  will  be  higher  and  ratio  (4)  will  give  lower  losses  of  02(*  A). 


The  underestimation  of  power  extraction  also  can  exsists.  We  don’t  know  the  exact  value  of  nonresonant  losses.  But  the 
value  of  extraction  efficiency  of  the  order  of  0.5  for  small  gain  length  COIL  is  reasonable  value  and  comparable  with 
extraction  efficiency  obtained  in  another  works. 


JO 

4.  THE  TEMPERATURE  DEPENDENCE  OE  PRESSURE  BROADENING  OE 
^Pi/2-^P3/2  TRANSITION  OE  ATOMIC  IODINE 

4.1  INTRODUCTION 

Pressure  broadening  of  the  ^Pi/2-^P3/2  transition  in  atomic  iodine  has  been  extensively  studied  in  conjunction  with 
the  photodissociative  iodine  laser  [1-5].  Measurements  of  pressure  broadening  coefficients  have  been  performed  for  room 
and  higher  temperatures.  In  [4]  the  predicted  inverse  temperature  dependence  of  the  pressure  broadening  coefficients  was 
in  agreement  with  measurements  in  the  temperature  range  300°-1000°K.  In  a  supersonic  COIL  with  a  cavity  pressure  of 
10  torr  and  temperatures  lower  200°  K  the  broadening  of  the  gain  spectrum  by  pressure  and  by  the  Doppler  effect  are 
comparable.  High  resolution  tunable  diode  laser  spectroscopy  has  recently  been  used  to  obtain  high  resolution  scans  of  the 
^Pi/2  -  ^P3/2  transition  in  atomic  iodine  [6-7].  For  example  in  [7]  the  atomic  iodine  transition  ^Pi/2-^P3/2  was  resolved  with 
an  accuracy  6  MHz  and  pressure  broadening  coefficients  were  measured  for  nitrogen,  helium,  and  oxygen  at  room 
temperature. 

The  line  shape  of  the  gain/(absorption)  on  the  strongest  hyperfine  transition  ^Pi/2(F=3)— >^P3/2(F=4)  in  atomic 
iodine  is  a  Voigt  function  which  is  a  convolution  of  a  gaussian  G  with  FWHM  Wd  and  the  lorenzian  L  with  FWHM  Wl 

A  I  ^  I  ^ 

g(X)  =  AN-^^L(X)*G(X)  =AN-^^^V(X  )  = 

Stc  Stc 

lto(2)'  IV,  iexp(-ZMln2/W'„^)^^^  (D 

87C  V  7C 

[  2  V 

where  V(X)  is  the  Voigt  function,  the  integral  of  V(X)  is  normalized  to  1,  X=v-Vo  is  the  frequency  relative  the  center  of 
the  line,  AN  is  the  inversion  density,  A34  is  the  Einstein  coefficient,  and  A;=1.315p,m  wavelength. 

The  FWHM  of  the  Gaussian  is  WjjjMHz)  =14.49x  ,  where  T  is  the  gas  temperature.  The  FWHM  of 

Lorenzian  is  proportional  to  partial  pressure  of  the  gas  components  and  is  additive:  WL=LaiPifi(300/T),  where  tti  is  the 
pressure  broadening  coefficient  of  the  i'*’  gas  component  for  T=300°K,  R  is  the  partial  pressure  of  the  i*  component  and 
fi(l)=L  The  Lorenz  theory  of  pressure  broadening  predicts  growth  of  the  function  fj  (300/T)  with  a  decrease  in 
temperature.  If  the  interaction  potential  has  the  form  V(R)  =  that  results  in  a  resonance  frequency  shift  [8]  then  f 
(300/T)  =  (300/T)^  where  y  =  (N-i-1)  /  2(N-1).  For  example  if  N=3  then  y=l,  N=6,  7=0.7.  In  the  approximation  of  hard 
sphere  collisions  N  ^0°  and  one  obtains  y=0. 5.  Previous  work  has  used  approximations  of  y=l(N=3)  or  y=0.5(N  —>oc)  for 
the  description  of  the  temperature  dependence  of  pressure  broadening  in  the  ^Pi/2— >^P3/2  transition  of  atomic  iodine  [4].  If 
the  approximate  assumption  is  made  that  the  interaction  potential  has  the  same  dependence  on  R  for  all  collisions  the 
FWHM  is  WL=(300/T)^£aiPi.  Here  we  assume  an  identical  frequency  shift  for  all  collision  partners.  On  the  basis  of  this 
assumption  the  temperature  dependence  of  the  pressure  broadening  was  obtained  for  the  temperature  range  220-340°K  for 
oxygen  nitrogen  mixtures. 

4.2.  EXPERIMENT 

The  cold  gas  medium  with  atomic  iodine  was  prepared  in  a  similar  manner  as  the  active  medium  in  a  subsonic 
COIL.  This  method  is  described  in  [9].  The  experimental  set-up  is  similar  to  that  described  in  [10]  and  is  presented  in 
fig.l.  The  02(*A)  was  generated  in  a  jet  singlet  oxygen  generator  from  the  reaction  between  the  gaseous  chlorine  and  the 
BHP  jets.  The  chlorine  utilization  U  =  95%.  The  temperature  of  the  BHP  jets  was  -16°C.  In  the  mixing  chamber  the 
primary  nitrogen  mixes  with  the  oxygen  flow.  The  secondary  nitrogen  with  iodine  vapor  was  then  mixed  with  the  oxygen 
flow.  The  secondary  nitrogen  with  iodine  vapor  was  then  mixed  with  primary  O2  -1-N2  flow.  The  mixing  and  chemical 
result  in  the  dissociation  of  molecular  Iodine.  The  active  mixture  then  flows  into  a  chamber  with  cross  section  50x28  mm. 
The  side  walls  of  the  chamber  are  divergent  with  and  angle  of  3°.  The  probe  laser  beam  was  introduced  into  the  chamber 
to  scan  the  Iodine  gain/(absorption)  line. 

The  gas  temperature  in  the  chamber  was  varied  by 

a)  temperature  of  primary  nitrogen 

b)  molar  flow  rate  of  primary  nitrogen 

c)  iodine  molar  flow  rate 


Fig.l:  Schematic  Drawing  of  the  Experimental  device  used  for  measuring  Iodine  line  profile. 

To  achieve  low  gas  temperatures  the  primary  nitrogen  was  passed  through  a  copper  spiral  placed  in  a  liquid  nitrogen  bath. 
The  variation  of  the  cold  primary  nitrogen  molar  flow  rate  allowed  a  changes  the  gas  temperature  in  the  cavity.  The 
variation  of  the  iodine  molar  flow  changes  the  heat  release  in  the  gas  flow  which  can  also  cause  the  cavity  temperature  to 
vary. 

The  cavity  chamber  was  pumped  by  a  mechanical  pump  with  capacity  125  1/s.  Under  these  conditions  the  gas 
flow  in  the  chamber  was  subsonic.  The  pressures  were  measured  with  an  accuracy  1%.  The  experiments  were  performed 
at  pressures  (>10torr)  in  the  cavity  chamber  to  achieve  substantial  gain/(absorption)  in  the  wings  of  the  line-shape  where 
the  lorentzian  plays  a  dominant  role.  Only  under  these  conditions  is  the  deconvolution  of  Voight  line  shape  reliable. 

The  high  resolution  spectra  were  with  a  tunable  diode  laser  system  developed  by  (Physical  Science  Inc).  The 
hardware  and  software  provided  for  the  acquisition  and  storage  of  gain  profiles  with  a  tunning  range  +1500MHz  relative 
line  center.  The  spectral  line-shape  of  the  probe  beam  was  a  lorenzian  with  Wp  (FWHM)=8  MHz. 

4.3.  RESULTS 

In  fig. 2  an  example  of  a  gain  profile  is  presented.  In  this  case  gain  was  observed.  Under  different  experimental 
conditions  absorption  was  observed.  Typically  absorption  was  observed  when  the  primary  nitrogen  was  at  the  room 
temperature  and  the  iodine  molar  flow  rate  was  high.  The  resolution  of  the  spectrum  results  in  the  determination  of  the 
Gaussian  parameter  Wd  and  the  Lorenzian  parameter  Wli.  The  pressure  broadened  line  width  was  calculated  as  Wl  = 
Wu-Wp.  Table  [1]  summarizes  the  experimental  results.  The  error  for  Wd  and  Wpi  was  2%  and  4%  respectively.  The 
errors  were  due  to  noise  in  the  spectra. 


In  table  1  the  partial  pressures  of  the  gas  components  are  presented.  The  gas  composition  was  estimated  in  the 
following  manner.  The  gas  consists  primarily  of  nitrogen,  oxygen  and  residual  chlorine  with  small  amounts  of  water 
vapor,  atomic,  and  molecular  iodine.  The  partial  pressures  of  oxygen  and  chlorine  are  given  by  5)2=P2Mcl2U/M, 
Pcl2=P2Mcl2(1-U)/M.  The  partial  pressure  of  nitrogen  is  given  by  I?42=P2(Mn2s+Mn2p)/M.  The  water  vapor  partial 
pressure  inside  the  JSOG  is  approximately  Pjsog=1-5  torr  for  the  BHP  temperature  -16°C.  The  ratio  of  the  water  vapor 


pressure  in  the  JSOG  to  Pi  should  be  close  to  the  ratio  of  the  partial  pressure  of  water  vapor  in  the  chamber  to  the  partial 
pressure  of  oxygen+chlorine  or  Ph20=(Ps/Pi)(Mcl2/M)P2.  The  most  difficult  to  estimate  separately  are  the  partial  pressures 
of  molecular  and  atomic  iodine.  Because  the  iodine  molar  flow  rate  did  not  exceed  0.3  mmole/s  the  pressure  broadening 
of  the  line  by  atomic  and  molecular  iodine  was  neglected. 

The  FWHM  for  the  pressure  broadening  is  given  by: 

Wl=  f(300/T)2:aiPi,  (2) 

The  pressure  broadening  coefficients  for  T=300°K  are  presented  in  Table  2. 

Table  2.  Therefore  in  our  case 

Wl=(5Po2  +5.5Pn2  +6.2Pcl2  +20.6Ph2o)  f(300/T)  (3) 

We  assume  that  f(300/T)=(300/T)^and  Wl=(Wli-8)  and  rewrite  equation  (3)  as: 


/ 


^300^  rsooY 


(4) 


The  dependence  of  f(300/T)  is  presented  in  fig. 3.  The  best  fit  to  (300/T/  results  in  a  value  of  ^=0.82.  Further 
analysis  has  shown  that  values  of  yin  the  range  of  0.75<Y<1  also  place  (300/T)^  in  the  range  of  experimental  errors.  Thus 
the  experimental  data  can  be  described  by  temperature  dependence  of  pressure  broadening  by  the  function  (300/T/  where 
.75<Y<1.  To  further  refine  the  value  of  y  it  will  be  necessary  to  perform  experiments  at  gas  temperatures  lower  200K°. 
These  results  can  be  used  for  estimation  of  static  pressure  in  the  supersonic  flow. 


Fig.3: 

Dependence  of  f(300/T)  on  temperature  and  fitting  with  the  function  (300/T)^. 


Table  1.  Summary  of  experimental  resu’ 


ts. 


Mci,2 

Mn2P 

Mn2.S 

Pl 

P2 

Pn2 

P02 

Pci, 2 

Ph20 

Wp 

Wp, 

T 

10 

60.6 

10 

17.7 

14.2 

12.4 

1.59 

0.088 

0.100 

215 

112 

220 

10 

52.6 

10 

16.3 

13.1 

11.3 

1.62 

0.090 

0.111 

215 

102 

220 

10 

62.3 

10 

18.4 

14.6 

12.8 

1.60 

0.089 

0.096 

216 

113 

222 

10 

60.6 

10 

20.2 

14 

12.3 

1.56 

0.087 

0.086 

226 

99 

243 

10 

60.6 

10 

18.3 

14 

12.3 

1.56 

0.087 

0.095 

231 

91 

254 

10 

41.6 

10 

16.6 

11.1 

9.3 

1.62 

0.090 

0.109 

234 

76 

261 

10 

41.6 

10 

16.6 

11 

9.2 

1.61 

0.089 

0.108 

239 

74 

272 

10 

48 

10 

16.7 

12 

10.2 

1.59 

0.088 

0.106 

243 

81 

281 

20 

69.2 

10 

24.1 

17 

13.6 

3.08 

0.171 

0.142 

248 

108 

293 

20 

41.6 

10 

18.3 

12.8 

9.2 

3.22 

0.179 

0.195 

254 

82 

307 

10 

69.7 

10 

22.2 

15.4 

13.7 

1.55 

0.086 

0.077 

262 

92 

327 

10 

48 

10 

17.1 

12 

10.2 

1.59 

0.088 

0.103 

268 

69 

342 

10 

48 

10 

17.3 

12 

10.2 

1.59 

0.088 

0.102 

270 

69 

347 

Mcl2  -  chlorine  molar  flow  rate  through  the  JSOG,  Mn2p,  Mn2s,  athe  molar  flow  rates  of  primary  and  secondary  nitrogen, 
Pi,  P2,  are  the  pressures  in  JSOG  and  in  the  cavity  chamber,  Pcl2,  P02,  Pn2,  Pmo,  are  the  estimated  partial  pressures  of 
chlorine,  oxygen,  nitrogen,  and  water  vapor.  T  =  (WD/14.49)  is  the  gas  temperature. 

Table  2.  Pressure  broadening  coefficients  for  temperature  300°K 


Gas 

OCi 

(MHz/torr) 

Ref. 

O2 

5 

7 

N2 

5.5 

7 

CI2 

6.3 

11 

H2O 

20.6 

11 

I2 

10.5 

4 

I 

4.4 

4 
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5.  CALCULATION  OF  GASDYNAMIC  PARAMETERS  OF  THE 
ACTIVE  MEDIUM  IN  THE  CAVITY  OE  THE  3-NOZZLES  EJECTOR 

COIL. 

Consider  the  ejector  mixing  chamber  of  the  COIL  with  the  constant  cross  section  square. 
There  are  three  nozzle  types  in  the  inlet  cross  section  for  injection:  1-  pure  nitrogen  with  very  high 
stagnation  pressure,  2-  oxygen,  3-  nitrogen  with  iodine  vapor.  Denote  by  indexes  4  -  gas  parameters  of 
the  completely  mixed  stream,  5  -  gas  parameters  after  straight  shock  wave.  All  nozzles  are  sonic 
nozzles  and  throat  cross  sections  are  inlet  cross  sections  of  the  mixing  chamber.  The  total  cross 
section  square  of  the  all  three  nozzles  F01+F02+F03  is  less  than  cross  section  square  of  the  mixing 
chamber  F  (cm^). 

At  first  it’s  necessary  to  determine  the  initial  data: 
universal  gas  constant:  R=8.314T0^erg/K*mole 

adiabatic  coefficients  (ratios  of  the  specific  heat  capacities):  ki 

stagnation  temperatures:  To,, 

molar  masses:  mi,  [molecular  mass  of  the  gas  mixture  with  iodine  vapor  is  determined  as 
m3=(254Pi+28PN2)/(Pi+PN2),  where  Pi  and  Pn2  are  pressures  in  the  iodine  measuring  cell, 
specific  heat  capacities  at  constant  pressure:  Ci=(R/mi)(ki/(ki-l))],  (i=l,2,3); 

C12=C2/  Ci;C13=C3/Ci; 

the  heat  release  in  the  mixing  chamber  due  to  iodine  dissociation  and  02(A)  quenching  Q  (in  units  of 
specific  enthalpy  of  the  pure  N2  stream). 

Critical  gas  velocities:  A/  = 

5.1.  Adjustment  initial  stagnation  pressures  Pm 

The  stagnation  pressures  and  throat  cross  section  square  of  the  oxygen  jet  should  be  adjusted 
to  provide  the  real  molar  flow  rates  of  all  gas  components 


due  to  the  pressure  losses  in  the  ducts  and  real  values  of  the  bb  and  N2+I2  stagnation  pressures  are 
unknown.  The  thickness  of  the  boundary  layers  in  the  oxygen  slit  and  nitrogen  cylindrical  nozzles  are 
unknown  also.  It’s  necessary  to  remark  that  the  concrete  calculation  demonstrate  very  slowly 
dependence  of  the  recovery  pressure  P5  on  values  stagnation  pressures  at  keeping  of  the  mass  flow 
rates  or  products  PoiFoi.  The  static  pressure  P4  and  Mach  number  M4  of  the  mixed  stream  depend  on 
N2  stagnation  pressure  because  the  coincidence  of  the  calculated  and  experimental  values  of  these 
static  pressures  and  Mach  numbers  at  zero  iodine  flow  rate  (Q=0)  is  major  criterion  of  the  choice  N2 
stagnation  pressure.  Obviously  the  maximal  cross  section  squares  in  the  products  PoToi  are  restricted 
by  real  values.  The  adjusted  initial  values  Poi  and  Foi  are  used  for  calculation  of  the  reduced  velocities 
Xi  =  ViA^i  crit,  Mach  numbers  Mi,  static  pressure  P  and  cross  section  squares  Ft  at  the  some  (locking) 
cross  section  of  the  mixing  chamber.  Indeed,  if  the  ratios  of  stagnation  pressures  Ri  (torr)  of  all 
streams  to  static  pressure  in  the  inlet  cross  section  of  the  mixing  chamber  exceed  critical  value  then  all 
gas  flows  are  expanded  in  contour  nozzles  such  that  static  pressures  of  the  all  flows  should  be 
equalized  in  the  nozzles’  exit  plane  (Pi  =  P). 

Poi7C(Xi)=Po^(X2)=Po3^(A!NP  (1) 

but  the  sum  of  the  cross  section  squares  of  these  flows  coincides  with  the  cross  section  square  of  the 
mixing  chamber  F:  F1+F2+F3  =  Foi/q  (Xi)+Fo2/q  (^2)+  Fos/q  (^3)  =  F  (2) 

Denote  1-  (k-1)  XMk+1), 

then  K  (X)=[l-  (k-1)  /(k+l)]'^^'^'^^  = 


(3) 


oi 


_  [A:  +  1^  /(1-Z)(A:  +  1)  ^ 
V  2  /  V  k-1 


X[l-  (k-1) 

q(X), 


(4) 


The  equations  (1)  and  (2)  give  the  possibility  to  determine  gasdynamic  parameters  in  this  flow 
choking  cross  section.  If  Xi  =  1-  (ki-l)/(ki+l)Xi^,  (5) 

then  from  equation  (1) 


X2  =  1-  (k2-l)/(k2+l)X2"=  Xi^i  (Poi/Po2)‘^2^^^2  =  X2(Xi)  (6) 
X3  =  XA  (P0l/P03)^'^^^3  =  X3(Xi)  (7) 


where  ii  -  ^1(^2  “l)  _  kiiks-^) 

wnere  ji  -  —  ,  j2  -  —  . 

(^i~l)^2  (^:i  ~  1)^:3 

Substitution  (4)-^(7)  into  equality  (2)  gives  equation 

f(Xi)  =  Foi/q  (Xi)+Fo2/q  (X2(Xi))+  Fo3/q  (X3(Xi))  -  F  =  0  (8) 

the  root  Xif  of  which  determines  of  X2=(Xif>ii(Poi/Po2)'^2'^^^2,  X3=(Xif>’2(Poi/Po3)‘^3'^^^3,  reduced 


velocity  Xi  =  ((l-Xi)(ki+l)/(ki-l))^^^  ,  Mach  numbers  Mi 


1X\ 

T - ,  Static  pressure 

U,(Xi  +  i) 


P=Poi  (Xif)^/ V\  cross  section  squares  of  the  jets  Fi  and  expansion  ratio  for  each  contour  nozzle 
Fi/Foi=l/qi  =l/qi(Xi).  These  parameters  are  served  as  the  initial  data  for  calculation  of  the  gasdynamic 
parameters  of  the  completely  mixed  stream. 

5.2.  Calculation  gasdynamic  parameters  of  the  completely  mixed  stream. 

Denote  the  ejection  coefficients:  ni=G3/G2;  n:=G2/Gi;  (9) 

specific  heat  capacities  at  the  constant  pressure  for  mixed  gas  are: 

C4=(GiCi+G2C2+G3C3)/(Gi+G2+G3);  C14=  C4/C1; 

t2=To2/Toi;  t3=To3/Toi; 

molar  weight  of  the  mixed  gas:  ni4=(gimi+g2m2+g3m3)/(gi+g2+g3);  (10) 

adiabatic  coefficient  of  the  mixed  gas: 

k4=l+(gl+g2+g3)/(gl/(kl-l)+g2/(k2-l)+g3/(k3-l))  (11) 

a)  The  conservation  low  of  the  mass  flow  rates: 

G4=Gi(l+n(l+ni));  g4=1000G4/m4;  (12) 

b)  The  conservation  of  energy: 

(G1C1T01+  G2C2T02+  G3C3To3+Q=^)/  GiCiToi=(G4/Gi)  C14  {TMi)= 
(l+n(l+nl))C14(To4/Toi)=l+n(t2C12+nlt3C13)+Q; 
or  To4=  Toi(l+n(t2C12+nlt3C13)+Q)/ (l+n(l+nl))C14  (13) 

where  Q=Q=>=/GiCiToi  is  dimensionless  heat  release  in  the  mixing  chamber. 

c)  The  conservation  of  momentum  with  using  gasdynamic  functions  Zj^Ai+l/A,,: 

G4A4Z4k4/(k4-l)  =  GiAiZiki/(ki-l)+  G2A2^k2/(k2-l)+  G3A3^k3/(k3-l) 

Zt  =  (Gi  Ai  Ziki/(ki-l)+G2A2Z2k2/(k2-l)+G3A3Z3k3/(k3-l))/(G4A4k4/(k4-l))  =  (X4+I/X4)  ( 14) 


or 

+  Z4X4  +1  =  0 

This  equation  has  two  solutions:  supersonic-  X4>1  and  subsonic  (after  straight  shock  wave)  - 

X5  =  I/X4,  where 

X4=Zt/2+(Zt^/4-l)^^^  ; 

(15) 

X5=Zi/2-(ZiV4-1)1^^  ; 

(16) 

Denote 

X4=  1-  (k4-l)/(k4+l)X4^ 

then 

74=704X4; 

(17) 

q4(X4)  = 


(1-X4)(X4+1) 


A:4  “1 


X4''V^ 


9 


oz 


X5=  1-  (k4-l)/(k4+l)X5^ 


qsCXs) 


(1-X5)U4  +  1) 


Xs 


l/(k  -1) 
4  9 


It’s  necessary  to  use  expression  for  mass  flow  rate  of  the  completely  mixed  stream 

G4  =1333i 


f  kinii 

!  \^4  +  l 

2  L-1 

^4+1^ 

P04F  q4(X4) 


for  determination  of  stagnation  pressure 

<^4/  1333 


04  ■ 


Rj 


04 


/  \A:4  +  1 


Fq4(X4) 


(18) 


and  static  pressure  of  the  supersonic  stream 

P4=Po4X4W^  (19) 

Stagnation  pressure  subsonic  stream  after  straight  shock  wave  (Pitot  pressure)  may  be  found  by 
similar  method 


05  • 


.  G4 


1333 


Rj 


04 


/  \A:4  +  1 


Fq5(X5)=Po4  q5(X5)/q4(X4)  ~g4(m4To4) 


0.5 


(20) 


Mach  numbers  Mi  are  connected  with  velocity  coefficients  Xi  with  correlation: 

2)l4  5 

M4,5=,  - 7^^  (21) 


X4,5(k4+1) 


Formulas  (0)-r(21)  is  solution  of  the  given  task  and  were  used  for  calculation  of  the 
gasdynamic  parameters  for  experimentally  investigated  nozzle  bank. 

Reaching  of  the  highest  recovery  pressure  requests  the  use  heavy  ejecting  gases.  It’s  necessary  to 
use  the  gases  with  high  specific  hear  ratio  for  obtaining  the  lower  static  temperatures. 

These  regularities  may  be  received  from  the  consideration  of  the  expression  for  ejecting 

nitrogen  momentum  MN~GiAiXiki/(ki-l)  =  migi  —  ]  Xiki/(ki-l)  =  giJ^^^f(ki)  h 

V  mi(ki  +  l) 


where  f(ki)  is  function  depended  on  ki  only. 

It’s  easily  to  see  that  molar  flow  rate  of  the  ejecting  gas  providing  the  same  momentum  Mn 

decreases  with  the  raise  of  mi,  To  1  (  gi — ,  ^  ). 

■\lniiT  01 

Because  it’s  possible  to  decrease  considerably  ejecting  gas  flow  rate  due  to  using  very  high 
stagnation  pressure  Poi,  high  stagnation  temperature  and  keeping  static  pressure  of  the  mixed  streams. 
The  same  conclusion  may  be  received  from  formula  (20)  also. 


6.  ?  2(?^A)  and  iodine  atoms  production  in  the  vortex  discharge 


Glow  discharge  was  investigated  as  means  to  produce  gaseous  medium  with  high  enough 
concentration  of  singlet  delta  oxygen  and  as  a  source  of  atomic  iodine  for  oxygen-iodine  laser. 

As  it  is  known,  to  achieve  inversion  in  oxygen-iodine  system,  ?  2(?'A)  content  should  exceed  -20%  of 
O2  molecules  (at  -300  °K).  Energy  assessment  shows  that  to  achieve  high  singlet  oxygen  content  in 
oxygen  discharge  plasma,  power  load  in  the  discharge  must  be  high  -  more  than  1.5kJ/g 
(-50  kJ/mol).  This  value  is  many  times  higher  than  typical  for  stationary  glow  discharge  at  high 
pressure. 

Previous  studies  of  vortex- stabilized  dc  discharge,  performed  in  our  group  had  shown  its  extreme 
stability  [6.1].  With  the  help  of  the  vortex  flow,  stable  dc  glow  discharge  existed  up  to  lOOTorr 
pressure  of  oxygen,  nitrogen  and  a  number  of  gas  mixtures  and  at  high  power  load.  The  unique 
stability  of  this  type  of  discharge  stimulated  the  authors  to  investigate  its  applicability  to  produce 
singlet  oxygen  and  atomic  iodine  using  mixtures  containing  an  iodine  precursor. 

Our  previous  experiments  (before  the  beginning  of  the  contract)  had  shown  that  dc  glow  discharge  in 
vortex  gas  flow  in  oxygen  remained  stable  at  the  pressure  range  5-10  Torr  and  power  load  up  to 
-1.5kJ/g  [6.2,  6.3].  Measurements  of  ?  2(?^A)  content  were  performed,  detecting  spontaneous 
emission  at  1270  nm  and  calibrating  the  photodiod  against  black  body  radiation.  They  revealed  that 
?  2(?^A)  concentration  increased  with  increase  of  power  load.  The  highest  concentrations  amounted  to 
2%  and  were  achieved  at  the  pressures  4  and  6  Torr  and  flow  rates  of  0.8  and  1.25  g/s  accordingly.  It 
was  also  found  that  ?  2(?*A)  concentration  could  be  increased  up  to  3  times  if  certain  organic 
substances  were  added  in  the  downstream  afterglow  or  upstream  of  discharge. 

In  earlier  experiments,  the  dependence  of  ?  2(?^A)  concentration  versus  power  load  did  not  exhibit 
saturation  up  to  the  highest  current  possible  -300  mA,  determined  by  capabilities  of  our  experimental 
setup.  Therefore,  to  make  a  discharge  with  higher  power  load  was  of  interest,  in  order  to  determine  the 
highest  possible  ?2(?^A)  concentration  and  to  reveal  the  mechanisms  of  its  limitation,  so  it  was 
necessary  to  design  more  powerful  discharge  system. 

According  to  work  plan  of  the  present  contract,  during  the  first  quarter  the  modified  discharge  system 
was  designed  and  manufactured.  Experiments  with  discharge  in  oxygen  were  performed  to  measure 
?  2(?^A)  concentration  and  to  optimize  the  system  to  obtain  the  highest  ?2(?'A)  content  at  higher 
power  load. 

During  the  second  quarter  of  the  contract  the  experiments  with  oxygen  mixtures  as  well  as  with  pure 
oxygen  were  performed  to  obtain  discharge  products  at  higher  pressures,  which  is  favorable  for 
systems  with  supersonic  flow. 

During  the  third  quarter  of  the  contract  atomic  iodine  concentrations  obtained  with  the  help  of  the 
discharge  products  or  discharge  itself  were  measured  and  discharge  system  was  optimized  to  produce 
iodine  atoms  at  the  highest  possible  carrier  gas  pressures. 

6.1.  Modification  of  the  existing  discharge  system  considering  previous 
experimental  results  with  intention  to  further  increase  discharge  power  load. 

Designing  the  discharge  chamber  the  following  goals  were  set  to  achieve  long  term  discharge 
operation  with  current  no  less  than  600  mA: 

♦  the  electrodes  were  ins  ulated  from  the  grounded  parts  of  the  chamber; 

♦  parts  of  the  gas  flow  channel  where  insulated  separating  discharge  plasma  from  nearby  conducting 
channel  parts; 

♦  electrode  assemblies  were  designed  water  cooled  providing  effective  heat  removal. 

To  provide  the  possibility  to  change  shape  of  the  electrodes  and  distance  between  them,  the  working 
parts  of  the  electrodes’  assembly  were  made  easily  removable.The  designed  chamber  is  shown  by  the 
simplified  drawing  of  in  figure  6.1.1.  The  electrode  assemblies  are  designed  symmetrical  about  the 
discharge  region,  providing  the  possibility  to  change  their  polarity  as  related  to  gas  flow  direction. 


Fig.  6.1.1.  Simplified  drawing  of  the  discharge  chamber:  1  -  electrodes,  2  -  cooler,  3  -  insulator,  4 
-  gas  inlet  nozzle,  5  -  discharge  chamber  casing,  6  -  discharge  region,  7  -  diagnostic  arm,  8  - 
observation  windows,  9  -  pressure  control 


The  discharge  chamber  was  manufactured  in  the  workshop  of  Samara  branch  Lebedev  Institute.  Its 
overall  view  is  presented  in  the  photograph  in  figure  6.1.2.  The  discharge  chamber  was  assembled, 

vacuum  tested  and  installed 
in  the  experimental  setup. 
Also,  the  necessary 
modifications  of  the 
discharge  power  supply 
were  performed: 

♦  new  assemblies  of 

diodes  and  ballast  resistors 
were  manufactured  and 
installed,  providing 

discharge  current  up  to  1  A; 

♦  the  circuitry  to  measure 
discharge  voltage  and 
current  in  ground  insulated 
high  voltage  circuits  was 
manufactured  and  installed. 
The  tests  of  the  new 
discharge  chamber  were 
performed.  They  proved  the 
ability  of  the  whole  system 
to  sustain  long  term  normal 

Fig.  6.1.2.  Overall  view  of  the  discharge  chamber.  operation  of  the  discharge 

with  current  more  than 

-600  mA  with  power  load  into  the  discharge  more  than  600  W,  which  exceeds  maximum  values 
possible  with  the  old  chamber  version  3-5  times. 


6.2.  Study  of  the  vortex-stabilized  discharge  characteristics  in  pure  oxygen  and  singlet  delta 
oxygen  content  in  the  downstream  afterglow  region  for  power  load  up  to  3  kj/g. 

Using  the  modified  diseharge  system  the  experiments  were  performed  with  CW  diseharge  in  the  pure 
oxygen  flow  in  the  pressure  range  from  4  to  8  Torr  and  gas  flow  rates  from  ~2  to  ~6  mmol/s  (0.07  - 
0.2  g/s)  respectively. 

Voltage-current  dependencies  for  a  number  of  gas  flow  configurations  were  obtained:  straight  and 
vortex  flow,  flow  direction  from  anode  to  cathode  and  vice  versa.  In  these  conditions  the 
concentration  of  singlet  delta  oxygen  (?  2(^A))  in  the  downstream  afterglow  (excited  gas  flowing  out 
of  the  discharge  region)  was  determined  by  means  of  emission  spectroscopy  measuring  absolute 
intensity  of  spontaneous  emission  of  the  ?2(a*A)  — >  ?  2(X^E)  band  at  1270  nm.  Absolute  calibration 
was  performed  against  black  body  radiation.  The  dependencies  of  ?  2(a^A)  concentrations  on  discharge 
current  and  power,  discharge  power  load  (J/g)  were  obtained  for  the  above  mentioned  flow 

configurations. 

A  portion  of  the  obtained  data  is 
represented  in  the  figure  6.2.1. 

It  was  found  that  in  all  cases  voltage- 
current  characteristics  exhibit  ‘step’  - 
sharp  transition  to  higher  discharge  voltage 
when  power  load  into  positive  column 
exceeds  ~1  kJ/g  (30  kJ/mol).  In  the 
analogous  situation  for  the  discharge 
without  flow  low  voltage  form  was  called 
T-form  and  high  voltage  -  H-form.  At  that 
‘step’  singlet  oxygen  concentration 
exhibited  maximum  and  then  deceased.. 

As  far  as  authors  know,  the  represented 
data  is  the  first  registration  of  those  forms 
of  discharge  in  the  fast-flow  discharge  in 
oxygen,  when  the  convective  losses  of  the 
particles  is  substantial. 

Our  measurements  revealed,  that  efficiency 
of  ?  2(^A)  production  was  substantially 
higher  in  the  T-form  discharge  for  both 
straight  and  vortex  flows.  Moreover,  ?  2(^A 
)  concentration  increase  with  current  in  the 
T-form  discharge  and  in  the  H-form  - 
rapidly  decrease. 

To  determine  absolute  ?  2(a'A) 
concentrations  we  used  the  latest  and  it 
seems  the  most  reliable  value  for  Einstein 
A  coefficient  -  2.1910  '^  s'^  [6.4]. 

The  highest  ?  2(^A)  concentration  achieved 
in  the  experiments  were  obtained  in  the 
vortex-flow  discharge  for  gas  flow 
direction  from  cathode  to  anode  for  8  Torr 
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pressure  and  amounted  to  ~2.4T0  cm"  .  Taking  into  account  gas  temperature  it  amounts  to  2.5-3%  of 
singlet  oxygen  content. 

The  experiments  had  shown  substantial  difference  of  the  low  and  high  voltage  forms  of  the  discharge 
for  singlet  oxygen  production.  Therefore,  to  increase  ?  2(?^A)  concentration  the  conditions  for 
existence  of  the  low  voltage  form  of  the  discharge  in  a  wider  range  of  currents  should  be  found. 


Fig.6.2.1.  Voltage-current  characteristics  of  the  vortex  flow  dc 
discharge  for  pressure  range  4-8  Torr  (lower  graphs)  for  gas 
flow  direction  from  cathode  to  anode  corresponding 
dependencies  of  ?  2(?*?)  concentration.  Interelectrode  distance 
46  mm. 
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6.3.  Study  of  the  singlet  delta  oxygen  content  in 
the  downstream  afterglow  region  using  mixtures 
of  oxygen  with  rare  gases. 

The  intention  of  this  second  stage  of  the  research 
was  to  determine  the  upper  limits  and  optimal 
conditions  of  singlet  oxygen  ?  2(a^A)  production  in 
glow  discharge  diluting  oxygen  by  rare  gases  at 
increased  pressure. 

Higher  pressure  of  discharged  gas  mixture  is 
advantageous  for  further  use  in  a  supersonic  flow 
system.  At  higher  pressure  wider  range  of 
supersonic  flow  regimes  are  possible,  lower  pump 
capacity  is  needed,  mixing  of  the  flows  is  improved. 
Developing  the  project,  the  authors  assumed  that  it 
was  possible  to  increase  discharged  gas  pressure 
without  decrease  of  the  singlet  oxygen  fraction, 
diluting  oxygen  by  rare  gases.  The  experiments  of 
the  second  stage  of  the  contract  were  performed  to 
determine:  how  much  the  oxygen  could  be  diluted 
by  the  rare  gas;  what  the  discharge  characteristics 
would  be;  the  conditions  most  favorable  for  singlet 
oxygen  production. 

The  highest  ?  2(a^A)  concentrations  for  a  number  of 
mixtures  with  rare  gases  were  determined 
experimentally.  Experiments  consisted  of  a  series  of 
measurements  of  singlet  oxygen  content  with 
dependence  on  discharge  current  (power  load)  in 
the  discharged  oxygen  mixtures  with  argon  and 
helium.  For  the  fixed  oxygen  flow  rate,  the  flow 
rates  of  rare  gases  were  varied. 

The  measurements  were  performed  using  the 
modified  discharge  system  developed  during  the 
first  stage  of  the  contract.  The  discharge  tube  was 
3  cm  in  diameter  and  distance  between  electrodes 
was  10  or  4.6  cm.  Higher  concentrations  were  observed  for  4.6  cm  interelectrode  distance.  Most  of  the 
experiments  were  performed  for  vortex  gas  flow,  and  several  measurements  were  performed  for 
straight  flow  as  well. 

?  2('A)  concentration  was  determined  by  emission  spectroscopy,  measuring  absolute  intensity  of  the 
?  2(a  A)  ^  ?  2(X  E)  band  in  the  1270  +12  nm  wavelength  region.  Absolute  calibration  was  performed 
against  black  body  radiation. 

The  following  data  was  obtained  -  current- voltage  characteristics  and  the  dependence  of  ?  2('A) 
concentration  on  discharge  current  for  a  number  of  oxygen  pressures  (flow  rates)  from  1  to  8Torr  and 
a  number  of  argon  and  helium  pressures  (flow  rates)  for  each  oxygen  pressure.  Rare  gas  flow  rate 
amounted  to  6  and  more  times  of  oxygen  flow  rate. 

Besides,  emission  spectra  in  the  region  1240  -  1300  nm  were  monitored  to  confirm  the  absence  of 
stray  spectral  lines  that  might  emerge  from  rare  gases  and  interfere  with  ?  2('A)  measurements.  Those 
lines  were  indeed  observed  when  old  discharge  system  was  used  due  to  close  proximity  of  the  cathode 
glow. 

The  experiments  showed  that  it  is  possible  to  increase  gas  pressure  several  times  without  any  loss  of 
singlet  oxygen  fraction  using  mixtures  of  oxygen  with  argon  and  helium. 

Moreover,  singlet  oxygen  content  increases  significantly,  when  oxygen  is  diluted  by  rare  gases. 


Fig.6.3.1.  ?  2(a*A)  concentrations  (arbitrary  units)  and 
discharge  voltage  with  dependence  on  discharge 
current  for  oxygen-argon  mixtures  with  6Torr  oxygen. 
Argon  pressure  from  0  to  24Torr.  Vortex  flow  with 
the  cathode  upstream.  Distance  between  electrodes  is 
46  mm.  The  largest  ?  2(a'A)  concentration  is 
3.610‘^cml 
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The  results  for  oxygen  pressure  6Torr 
(in  the  diagnostics  arm)  and  flow  rate 
3  mmol/s  diluted  by  argon  for  two 
different  interelectrode  distances  are 
shown  in  Fig. 6. 3. 1-6. 3. 2.  As  it  is  seen, 
total  pressure  of  the  gas  mixture  was 
increased  up  to  36  Torr,  i.e.  6  times. 
?  2(a*A)  concentration  increased  with 
increase  of  Ar  pressure.  For  the  largest 
Ar  pressure  30  Torr  (14  mmol/s)  used 
in  experiments  the  highest  ?  2(a*A) 
concentrations  were  1.6  times  (for 
102  mm  distance  between  electrodes) 
and  2.5  times  (for  46  mm)  larger  then  in 
pure  oxygen. 

For  the  oxygen  pressure  4  Torr 
(1.8  mmol/s)  the  largest  dilution  by 
argon  in  experiments  was  six  times. 
?  2(a*A)  concentration  increased  3- 
3.5  times  compared  to  pure  oxygen. 
Diluting  oxygen  with  helium  produced 
analogous  effect  on  ?  2(a*A) 
concentration.  The  highest  concentrations  in  that  case  were  a  little  larger  then  with  argon.  The  results 
are  shown  in  Fig. 6. 3. 3  -  6.3.4  for  different  interelectrode  distances. 

For  oxygen  pressure  4  Torr  (fig.  6.3.3)  and  6  times  dilution  with  He  ?  2(a^A)  concentration  increased  4 
times.  As  shown  in  fig. 6. 3.4,  for  oxygen  pressure  6 Torr  the  largest  dilution  was  4  times  and  total 
pressure  amounted  to  30  Torr.  The  highest  ?  2(a^A)  concentration  increased  2.5  times  compared  to 
pure  oxygen. 

Temperature  measurements  were  not  performed  during  these  experiments  and  we  can  only  estimate 
?  2(a^A)  fraction  from  2  to  4%.  At  present  the  reasons  why  ?  2(a^A)  concentration  increases  when 
oxygen  is  diluted  by  rare  gases  are  not  clear.  They  are  determined  by  changes  of  discharge  inner 


Fig.6.3.2.  ?  2(a' A)  concentration  (arbitrary  units)  with  dependence  on 
discharge  current  for  oxygen-argon  mixtures  with  6Torr  oxygen.  Ar 
pressure  from  0  to  30  Torr  (0-14  mmol/s).  Vortex  flow  with  the 
cathode  upstream.  Distance  between  electrodes  102  mm.  The  largest 
?  2(a'A)  concentration  is  2.5- 10*^  cm’^. 


Fig.6.3.3  ?  2(a*A)  concentrations  (arbitrary  units)  with  dependence  on  discharge  current  for  ojQ'gen-helium  mixtures 
with  6  and  4  Torr  oxygen.  Helium  pressure  from  0  to  24  Torr.  Vortex  flow  with  the  cathode  upstream.  Distance 
between  electrodes  102  mm.  The  largest  ?  2(a*A)  concentrations  are  3.710*^  cm’^  for  6Torr  and  2.5T0*^  cm'^  for 
4  Torr. 
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properties  revealed  by  difference  in  appearance 
of  current-voltage  characteristics  for  pure 
oxygen  and  mixtures.  With  increase  of  rare  gas 
fraction  both  the  dip  in  current-voltage 
characteristic  and  the  current  when  discharge 
transfers  to  high-voltage  mode  change.  To  reveal 
the  physics  of  this  phenomena  more  detailed 
investigations  are  needed.  Therefore, 
experiments  conducted  during  the  second  stage 
of  the  contract  had  shown  that  it  is  possible  to 
increase  pressure  of  the  gas  medium  containing 
singlet  oxygen  produced  by  vortex-flow 
discharge  using  mixtures  of  oxygen  with  rare 
gases.  The  achieved  pressures  -  28  Torr  for 
oxygen  pressure  of  4  Torr  and  36  Torr  for  6  Torr 
of  oxygen  are  sufficient  to  conveniently  organize 
supersonic  flow.  Moreover,  in  mixtures  of 
oxygen  with  rare  gases  singlet  oxygen  content 
increased  several  times  compared  to  pure 
oxygen. 

6.4.  Measurement  of  iodine  atoms 
concentration  when  methyl  iodide  is  mixed 
into  the  discharge  or  downstream  afterglow 
regions. 

Ground  [I]  and  excited  [I*]  atomic  iodine 
concentrations  were  measured  for  two  different 
cases: 

1)  discharge  was  sustained  in  the  pure  oxygen 
or  in  the  mixture  of  oxygen  with  argon,  bdine 
precursor  -  methyl  iodide  was  admixed  in  the 
downstream  afterglow  region; 

2)  discharge  was  sustained  in  argon,  methyl 
iodide  was  admixed  into  discharge. 

Ground  state  atomic  iodine  concentration  [I]  was 
measured  via  resonant  absorption  of  laser 
radiation,  using  tunable  semiconductor  laser 
device  temporary  provided  by  Partner. 

Excited  atomic  iodine  concentration  was 
measured  using  absolute  intensity  measurements 
of  iodine  emission  at  1.315  |im.  Calibration  was 
performed  against  black  body  radiation.  Besides, 

to  interpret  experimental  results,  a  kinetic  model  that  describes  atomic  iodine  production  in  the 
reactions  of  methyl  iodide  with  discharged  oxygen  was  developed.  There  is  a  satisfactory  qualitative 
and  quantitative  match  of  the  results  of  numerical  simulations  and  experiments. 

6.4.1.  Experimental  setup  and  methods  I. 

The  experiments  were  performed  using  an  old  version  of  discharge  chamber.  Schematic  drawing  of 
our  experimental  setup  used  for  experiments  with  the  discharge  products  is  represented  in  the  figure 
6.4.1.  DC  glow  discharge  was  sustained  between  water  cooled  copper  electrodes  in  a  tube  of  17  mm 
inner  diameter.  Anode  was  shaped  as  a  12  mm  cylinder  and  cathode  -  hollow  cylinder  of  10  mm  inner 
diameter.  Interelectrode  distance  in  experiments  with  discharged  oxygen  products  was  6  cm.  Gas  was 
injected  near  the  wall  in  the  cathode  region  normally  to  the  tube  axis  forming  the  vortex  and  flowed 


Fig.6.3.4.  ?  2(a^A)  concentrations  (arbitrary 
units)  and  discharge  voltage  with  dependence 
on  discharge  current  for  oxygen-helium 
mixtures  with  4  and  6  Torr  oxygen.  Helium 
pressure  from  0  to  24  Torr.  Vortex  flow  with 
the  cathode  upstream.  Distance  between 
electrodes  46  mm.  The  largest  ?  2(a*A) 
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concentration  is  4.1  10  cm". 


through  the  cathode  to  the  diagnostic 
region.  Methyl  iodide  was  admixed  into 
the  afterglow  2.5  cm  downstream  from 
the  cathode.  The  flow  retained  its  vortex 
motion  there  and  mixing  was  efficient. 

To  determine  atomic  iodine 
concentration  a  tunable  semiconductor 
laser  system  temporarily  provided  by 
Partner  was  used.  Absorption  line  shape 
of  iodine  laser  transition  ^P3/2(F=4)  ^ 
^Pi/2(F=3)  was  recorded  for  about  half  a 
minute  than  averaged  and  approximated 
by  Voigt  function.  Atomic  iodine 
concentration  and  temperature  were 
deduced  out  of  the  line  area  and  Voigt 
function  parameters.  We  found  that  it 
was  useful  to  couple  Gauss  and  Lorenz  parameters  of  the  Voigt  function  through  temperature  to 
decrease  error  of  approximation. 

To  estimate  possible  error  due  to  the  presence  of  iodine  atoms  at  the  upper  laser  level  special 
measurements  of  their  concentration  were  conducted  detecting  the  overall  signal  at  1.315  |im  from 
the  diagnostic  volume  with  the  help  of  a  monochromator  and  a  photodiode.  Calibration  was  performed 
against  the  black  body  radiation.  The  estimated  concentration  of  the  excited  iodine  atoms  could 
amount  up  to  10%  of  atoms  in  the  ground  state,  depending  on  experimental  conditions,  but  that  source 
of  error  was  further  neglected  as  it  only  effectively  decreased  measured  iodine  concentration 
somewhat. 

Using  the  numerical  model,  described  further,  the  atomic  iodine  recombination  was  assessed  and 
found  to  be  negligible  in  our  experimental  conditions  partly  due  to  rather  high  temperature  (~  400- 
600°  K)  and  partly  to  initial  absence  of  F.  Wall  recombination  probability  of  atomic  iodine  is  low 
(~10'^-10'‘^)  and  diffusion  loss  in  the  diagnostic  arm  was,  therefore,  neglected.  Taking  aforementioned 
in  consideration,  the  measured  iodine  concentrations  should  be  treated  as  integrated  along  the  probe 
laser  optical  path  and  are  lower  than  the  highest  achieved. 

6.4.2.  Experimental  results  I. 

The  typical  dependence  of  atomic  iodine 
concentration  [I]  for  different  methyl  iodide  flow 
rates  on  discharge  current  is  shown  in  fig.  6.4.2.  The 
curves  exhibit  saturation  or  weak  maximum.  Slow 
fall  with  current  is  presumably  due  to  temperature 
rise.  For  the  mixture  02:Ar  =  6:4  Torr  the 
maximums  were  a  little  more  profound  and  [I] 
values  were  1.5  times  higher  then  for  the  pure 
oxygen. 

The  dependencies  of  the  highest  [I]  on  CH3I  flow 
rate  for  different  oxygen  pressures  and  the  same 
oxygen  flow  rate  4.2  mmol/s  are  shown  in  the  fig. 

6.4.3.  Discharge  current  was  not  the  same  for  these 
measured  values  and  was  in  the  range  from  200  to 
500  mA,  and  discharge  voltage  -  from  600  to 
800  V.  As  it  is  seen  from  fig.  6.4.3  for  discharge  in 
pure  oxygen  there  is  a  linear  dependence  of  [I]  on 
CH3I  flow  rate  at  small  flow  rates  and  than  - 
saturation.  No  saturation  was  observed  for  02:Ar 


I,  mA 

Fig.6.4.2.  Dependence  of  [I]  on  current  for  various 
CH3I  flow  rates.  O2  pressure  6  Torr.  Oxygen  flow 
rate  -  4.2  mmol/s. 


Gas  inlet  Diode  laser 


Fig.6.4.1.  Experimental  setup  for  atomic  iodine  production  using 
discharge  products. 
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mixture  for  the  range  of  CH3I  flow  rates  used 
in  our  experiments.  The  highest  [I] 
eoneentrations  were  obtained  for  discharge  in 
pure  oxygen  at  24  Torr  pressure  and 
amounted  to  1.3T0*^cm“^. 

The  fraction  of  atomic  iodine  produced  out  of 
methyl  iodide  -  [I]/[CH3l]  was  from  0.8  to 
0.4  for  the  discharge  in  pure  oxygen,  and 
from  1  to  0.6  for  Q:Ar  mixture  decreasing 
with  increase  of  CH3I  flow  rate. 

Part  of  iodine  atoms  in  our  experiments  were 
in  excited  state.  The  measurements  had 
shown  that  when  methyl  iodide  was  oxidized 
by  discharged  oxygen  or  oxygen-argon 
mixture  up  to  ~  10%  of  iodine  atoms  were  in 
excited  state.  When  methyl  iodide  was 
decomposed  in  discharge  with  argon  -  about 
2-3%  of  iodine  atoms  were  in  excited  state. 

The  measured  excited  iodine  relative 
concentration  and  gas  temperature  permits  to 
determine  relative  singlet  oxygen 
concentration.  For  discharge  current  200  mA 
at  6  Torr  oxygen  pressure  the  relative  singlet 
oxygen  concentration  amounted  to  ~  5%  which  is  in  good  agreement  with  the  measurements  that  used 
spontaneous  emission  at  1.27  |im. 

6.4.3.  Discussion  I. 

Earlier  experiments  revealed  that  in  our  experimental  conditions  there  was  1-1.5%  of  atomic  oxygen 
present  in  the  downstream  afterglow.  Atomic  oxygen  0(  P)  is  the  most  active  particle  among  the 
discharge  products  in  the  downstream  afterglow.  It  rapidly  oxidizes  methyl  iodide  in  the  reaction 
CH3I  -I-  O  forming  10, 1,  CH3,  OH  and  other  products. 

To  estimate  the  contribution  of  various  elementary  processes  into  atomic  iodine  production  a  kinetic 
model  was  developed  including  14  reactions  represented  in  the  table,  without  consideration  of  spatial 
distribution  of  the  particles.  As  the  initial  concentrations  of  the  main  reagents  were  of  the  same  order, 
only  those  processes  were  taken  into  account  which  rate  constants  in  our  experimental  conditions 
differed  no  more  than  2-3  orders  of  magnitude.  The  exception  was  three  body  iodine  recombination, 
which  proceeded  slowly.  No  data  could  be  found  in  the  literature  about  rate  constants  of  the  reactions 
of  CH3I  with  C^(?^A)  and  ?  2(b^E),  except  that  methyl  iodide  does  not  react  or  reacts  slowly  with 
02(?^A),  and  they  were  not  taken  into  account. 

[O]  concentration  for  calculations  was  set  according  to  our  previous  measurements.  Temperature  was 
set,  according  to  measured,  from  the  iodine  line  Doppler  width.  Modeling  results  are  represented  in 
the  fig.  6.4.3  as  lines.  For  comparison  with  the  model  only  the  highest  [I]  concentrations  were 
considered.  As  it  is  seen  from  the  fig.  6.4.3  good  qualitative  and  quantitative  match  is  observed. 
Computations  had  shown  that  for  small  [CH3I]  concentrations,  less  than  0.5  [O],  first  four  reactions 
had  the  highest  rates  -  of  the  same  order  of  magnitude.  Next  two  reactions  are  more  than  an  order  of 
magnitude  slower  and  contribution  of  others  is  negligible. 

Methyl  iodide  is  oxidized  by  atomic  oxygen  forming  10  and  a  small  amount  of  I.  Mostly,  atomic 
iodine  is  produced  through  further  oxidation:  10  -1-  O  ^  I-1-O2.  Due  to  its  high  rate  [10]  concentration 
is  always  1-2  orders  of  magnitude  lower  than  [O].  Rival  processes,  where  O  atoms  are  wasted  are  the 
reactions  714-1-0  and  OH-i-0.  Computations  has  shown  that  in  our  experimental  conditions  [I]  had 
almost  reached  steady  state  in  ~2.5T0  "^s,  after  that  the  main  reaction  rates  had  become  two  orders  of 
magnitude  lower. 


Fig.6.4.3.  Dependence  of  [I]  on  CH3I  flow  rate  for  various  O2 
pressures  and  the  same  flow  rate  4.2  mmol/s.  Points  - 
experiment,  lines  -  modeling. 
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Reaction  (channel  fraction) 

Rate  constant,  cm‘^/s,  cm"^/s 

Source 

CH3l-tO  ^  IO-tCH3  (0.44) 

[5] 

^  I-1-H-1-CH2O  (0.07) 

M0"-exp(I60/T) 

^OH-tCH2l  (0.16) 

10  -1-  0  ^  I  -1-  O2 

1.2- 10'“' 

[6] 

CH3  -1-  0  ^  products 

I.2-I0-^° 

[7] 

OH  -1-  0  ^  H  -1-  O2 

2.3-I0"-exp(II0/T) 

[8] 

10  -1- 10  ^  I  -1- 1  -1-  O2 

8-I0'^ 

[6] 

CH3  -t  CH3  ^  C2H6 

4-I0" 

[7] 

I2  -t  0  ^  10  -1- 1 

I.4-I0-^° 

[6] 

CH3  +  O2  +  O2  — ^  CH3O2  +  O2 

[7] 

CH3  -1-  H  -t  O2  ^  CIT  -1-  O2 

2.2-io-^*-r^ 

[7] 

OH  -t  OH  ^  H2O  -t  0 

7.9-  I0“^^-(T/298)^'’-exp(9457r) 

[8] 

OH  +  OH-1-O2  — ^  H2O2  +  O2 

6.9-I0“^'-(T/300)"*^ 

[8] 

OH  -1-  H  -1-  O2  ^  H2O  -1-  O2 

6.9-io-^^-r^ 

[7] 

I  -1- 1 -1-O2  — ^  I2  +  O2 

1 .9- 10'^^ 

[9] 

I2  -1-  OH  ^  HOI  -1- 1 

2.M0-^" 

[10] 

Modeling  has  shown,  that  the  highest  possible  [I]  concentration,  with  enough  initial  [CH3I]  for  all 
atomic  oxygen  to  react,  equals  to  about  one  third  of  initial  atomic  oxygen  concentration.  With  further 
increase  of  initial  [CH3I]  ([CH3I]  >  0.5-[O]),  [I]  increased  noticeably  slower.  In  that  case  the 
contribution  of  the  reaction  lO+IO  ^  2I+O2  to  atomic  iodine  production  became  larger  and  became 
comparable  to  lO+O  ^  I+O2  reaction  when  [CH3l]~[0].  In  experiments  with  pure  oxygen  the 
saturation  of  [I]  was  observed  with  increase  of  CH3I  flow  rate  at  0.02-0.03  mmol/s.  Atomic  oxygen 
flow  rate  at  that  moment  amounted  to  ~0.04mmol/s. 

Computations  produced  somewhat  lower  results  than  measured  [I].  Besides  model  imperfection 
possible  reason  of  this  discrepancy  could  be  presence  of  I2  vapor  in  the  reaction  zone  with 
concentration  about  10^"^cm‘^.  Iodine  molecules  could  be  present  in  CH3I  as  a  result  of  its  partial 
decomposition,  or  emerged  from  the  walls  of  discharge  chamber.  For  computations  initial  I2 
concentration  was  set  to  match  the  experimental  points  at  the  lowest  CH3I  flow  rate  (as  seen  in  the 
fig. 6. 4. 3).  For  different  O2  pressures  these  concentrations  also  differed  and  amounted  to  one  third  or 
one  half  of  CH3I  concentrations  at  the  lowest  flow  rate.  If  initial  molecular  iodine  concentrations  were 
taken  into  account,  better  agreement  between  computed  and  measured  results  was  achieved  for 
experiments  with  pure  oxygen.  Qualitative  results  emain  the  same  if  molecular  iodine  is  taken  into 
account. 

For  the  mixture  of  oxygen  with  argon  modeling  gave  1.5  times  lower  [I]  concentrations  than  measured 
in  experiment,  indicating  unknown  channels  of  atomic  iodine  production  in  that  case. 

The  dependence  of  [I]  on  current  is  not  described  by  this  model  at  low  currents,  possibly  because  of 
unknown  temperature  dependence  of  the  main  reaction  rates. 
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It  should  be  noted  that  CF3I  eould 
also  be  a  good  iodine  preeursor.  10 
produetion  amounts  to  85%  in  this 
ease,  eontrary  to  44%  for  CH3L  Rate 
eoeffieient  of  CF3I  +  O  reaction  is 
twice  lower  than  in  the  case  of 
methyl  iodide,  but  still  it  is  quick 
enough. 


6.4.4.  Experimental  setup  and 
methods  II. 

Schematic  drawing  of  our 
experimental  setup  is  represented  in 
the  figure  6.4.4.  It  was  the  same  as 
used  in  the  aforementioned  experiments,  except  CH3I  was  admixed  into  the  discharge  region  from 
anode  side  of  the  tube  and  transverse  flow  was  organized  in  the  diagnostic  region. 

To  estimate  possible  error  due  to  the  presence  of  iodine  atoms  at  the  upper  laser  level  special 
measurements  of  their  concentration  were  conducted  detecting  the  overall  signal  at  1.315  |im  from 
the  diagnostic  volume  with  the  help  of  a  monochromator  and  a  photodiode.  Calibration  was  performed 
against  the  blackbody  radiation.  The  estimated  concentration  of  the  excited  iodine  atoms  amounted  to 
2%  of  atoms  in  the  ground  state  and  that  source  of  error  was  further  neglected. 

No  observable  recombination  of  atomic  iodine  was  detected  in  our  experiments  along  the  flow  1.5  cm 
apart  in  the  diagnostic  region,  corresponding  to  time  delay  about  10'"^s.  However  the  measurements 
that  were  performed  across  the  flow  revealed  about  10%  decrease  of  atomic  iodine  concentration  at 
the  diagnostic  window  boundaries  indicating  inhomogeneous  distribution  of  iodine  atoms  across  the 
flow.  Therefore,  the  measured  iodine  concentrations  should  be  treated  as  integrated  along  the  probe 
laser  optical  path  and  are  lower  than  the  highest  achieved. 

6.4.5.  Experimental  results  II. 

Usually,  discharge  plasma  was  localized  near  the  center  of  the  tube  occupying  about  one  fifth  of  its 
diameter.  Argon,  helium,  oxygen,  nitrogen  and  air  were  tried  as  carrier  gases.  The  largest  atomic 
iodine  concentrations  were  obtained  with 
argon.  In  helium  and  oxygen  the 
concentrations  were  twice  lower  and  in 
nitrogen  and  air  -  an  order  of  magnitude 
lower.  In  oxygen  and,  especially,  in  nitrogen 
and  air  the  electrodes  and  walls  of  the 
discharge  tube  became  contaminated  after 
several  minutes  of  work,  deteriorating  the 
discharge  performance.  In  argon  and  helium 
wall  contamination  proceeded  slower.  In  our 
opinion,  this  problem  could  be  solved  if  some 
other  iodine  precursor  is  used.  It  seems  that 
hydrogen  iodide  is  promising  for  that  purpose, 
because  it  does  not  contain  carbon  and  does 
not  deteriorate  active  medium. 

There  is  a  dependence  of  atomic  iodine 
concentration  on  current  as  it  is  shown  in  the 
figure  6.4.5  for  different  initial  methyl  iodide 
flow  rates.  Argon  pressure  in  this  experiment 
was  6  Torr,  flow  rate  3  mmol/s  and  electrode 
spacing  6  cm.  Note,  that  there  is  a  maximum 
on  current  and  then  -  a  decrease  that  is 


Fig.6.4.5.  Dependence  of  [I]  on  current  for  various 
CH3I  flow  rates.  Ar  flow  rate  3  mmol/s  at  6  Torr 
pressure. 


Gas  Inlet  Probe  laser 


Fig.6.4.4.  Experimental  setup  used  for  atomic  iodine  production  in 
discharge. 


Fig.6.4.6.  Detected  line  shape  at  two  different  discharge 
currents  illustrates  discharge  instability. 


Fig.6.4.7.  The  dependence  of  atomic 
iodine  concentration  upon  discharge 
current  for  two  different  values  of 
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supposed  to  be  due  to  temperature  rise,  same  as 
in  fig. 6.4. 2.  With  increase  of  methyl  iodide  flow 
from  0.04  up  to  0.16  mmol/s  atomic  iodine 
concentration  increased  and  in  maximums 
amounted  to  40%  of  initial  concentration  of 
methyl  iodide.  When  methyl  iodide  flow 
increased  from  its  lowest  to  highest  value 
discharge  voltage  increased  from  500  to 
850  volts,  indicating  high  electronegativity  of  the 
mixture. 

With  increase  of  discharge  current  atomic  iodine 
concentration  exhibited  maximum  or  saturation 
and  then  sharply  decreased  as  the  discharge 
became  unstable.  The  detected  signal  remarkably 
changed  at  that  moment  as  illustrated  in  the 
figure  6.4.6.  At  first  the  detected  line  had  Voigt 
shape,  and  when  the  discharge  current  exceeded 
certain  value  the  line  became  noisy  and  its  area 
decreased. 

Making  electrode  spacing  smaller,  down  to  2.2  cm 
we  managed  to  sustain  stable  discharge  in  argon  up 
to  20  Torr  pressure  and  obtained  atomic  iodine 
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concentration  2-10  cm"  . 

The  dependence  of  atomic  iodine  concentration 
upon  discharge  current  for  two  different  values  of 
electrode  spacing  and  different  flow  rates  is  shown 
in  the  figure  6.4.7.  Note  that  concentration  is  quite 
sensitive  to  the  flow  and  discharge  configuration 
parameters,  indicating  that  discharge  instability  is 
present. 

The  largest  atomic  iodine  concentration  achieved 
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in  our  experiments  amounted  to  3.6 TO  cm'  .  It 
was  obtained  for  15  Torr  of  argon  pressure  and 
2  mmol/s  flow  rate.  Distance  between  electrodes 
was  2.2  cm  in  that  case.  In  these  experiments 
atomic  iodine  concentration  was  about  20%  of 
methyl  iodide  initial  concentration.  Gas 
temperature  determined  from  line  shape 


approximation  by  the  Voigt  function  amounted  to  570  degrees  Kelvin. 

6.4.6.  Discussion  II. 

Estimating  the  discharge  parameters  achieved  in  our  experiments,  mean  electron  energy  in  argon 
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should  be  ~10  eV  and  electron  density  ~10  cm'  .  The  following  reactions  between  electrons  and 
methyl  iodide  could  be  imagined: 

■  CH3I  +  e  ^  CH3  +  r  -  dissociative  attachment  with  subsequent  iodine  ion  recombination; 

■  CH3l  +  e^CH3  +  I  +  e-  electron  impact  dissociation; 

■  CH3T  +  e  ^  CH3  +  I,  CH3T  +  r  ^  CH3  +  21  -  dissociative  recombination. 

All  those  processes  are  very  quick  with  rate  constants  of  ~10'^-10'^cm'^/s.  The  reverse  reaction 
between  methyl  radical  and  iodine  atom  was  found  to  be  negligible,  compared  to  mutual 
recombination  of  these  radicals  during  the  studies  of  the  photo  dissociative  iodine  laser. 

Therefore,  by  estimations,  methyl  iodide  dissociation  should  be  completed  during  less  then  1  ms,  for 
the  largest.  Gas  mixture  in  our  experiments  had  flown  between  electrodes  2-3  ms  or  even  more,  but 


we  observed  only  20-40%  dissociation.  Two  possible  reasons  could  be  imagined:  first  -  as  the 
discharge  plasma  was  localized  near  the  axis  of  the  discharge  tube  not  all  the  parts  of  the  gas  flow  had 
enough  time  to  interact  with  electrons;  second  -  atomic  iodine  concentration  had  maximum  at  the 
center  of  the  flow  and  the  optical  path  length  of  the  probe  laser  was  smaller  then  we  considered  and 
the  real  concentrations,  therefore,  higher. 

Lifetime  of  iodine  atoms  is  also  important  for  the  laser  system.  For  our  experimental  conditions  three 
body  recombination  on  undissociated  methyl  iodide  molecules  determine  this  lifetime.  We  estimated 
atomic  iodine  lifetime  with  the  help  of  the  kinetic  model  including  the  following  reactions  and  rate 
constants  for  Ar  pressure  15  Torr  and  temperature  500  °K : 

I-i-I-i-M^2I-i-M,  where  M: 

h  k  =  3-10"^^  cm'^/s  [11]; 

CH3I  k  =  8-10-^^cm'^/s  [12]; 

Ar  k  =  3-10-^^  cm'^/s  [13]; 

For  the  measured  iodine  atoms  concentration  and  gas  temperature,  taking  into  account  that  in  the  worst 
case  only  20%  methyl  iodide  molecules  had  dissociated  we  obtained  that  after  one  millisecond  1%  of 
atomic  iodine  is  lost  through  recombination  and  after  five  milliseconds  -  about  5%.  Therefore,  in  our 
experimental  conditions  there  is  enough  time  to  deliver  iodine  atoms  to  the  mixing  zone  with  oxygen. 
6.4.7.  Summary  and  conclusions. 

The  main  results  are  as  follows: 

For  the  first  case: 

■  The  experiments  had  shown,  that  using  oxygen  atoms  in  the  discharge  products  of  the  discharged 
oxygen  or  discharged  mixture  of  oxygen  with  argon,  iodine  atoms  may  be  produced  in  large 
enough  quantities  for  further  use  in  active  medium  of  oxygen-iodine  laser. 

■  Using  discharge  products  of  the  dc  vortex- flow  glow  discharge  in  oxygen  and  methyl  iodide  as  the 
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precursor,  atomic  iodine  concentrations  up  to  1.3  TO  cm'  -  usual  for  oxygen- iodine  laser  active 
medium  were  obtained. 

■  On  the  basis  of  the  developed  model  we  conclude  that  the  main  mechanism  of  atomic  iodine 
production  out  of  methyl  iodide  has  two  stages.  At  the  first  stage  10  molecules  are  produced 
through  methyl  iodide  oxidation.  At  the  second  stage  iodine  atoms  are  produced  either  through 
further  oxidation  by  O  atoms  or  through  the  reaction  of  these  molecules  with  each  other. 

For  the  second  case: 

■  Atomic  iodine  concentration  up  to  ~  41 0  cm'  was  obtained  -  enough  to  operate  oxygen-iodine 
laser. 

■  Use  of  the  vortex  gas  flow  allowed  to  sustain  the  dc  glow  discharge  in  a  highly  electronegative 
halogen  containing  gas  mixture  of  argon  with  methyl  iodide  at  pressures  up  to  ~  15-20  Torr.  These 
pressures  are  enough  to  inject  iodine  atoms  into  the  active  medium  of  supersonic  oxygen-iodine 
laser. 
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7.  SUMMARY  OF  PROJECT  TECHNICAL  REPORT 

During  this  project  period  8  different  ejector  COIL  nozzle  banks  were  designed,  manufactured 
and  tested.  Detail  “cold”  gasdynamic  tests  of  these  nozzle  banks  were  made.  The  gas  flow 
performances  in  the  mixing  chamber  was  compared  for  these  hanks.  The  next  parameters  have  been 
measured  during  experiments:  oxygen  plenum  pressure,  static  wall  pressure  at  the  distance  64  mm 
from  the  nozzle  bank,  Pitot  pressure  at  the  distance  90  mm  from  the  nozzle  bank  in  the  center  of  the 
mixing  chamber,  Mach  number  of  the  gas  flow.  The  experiments  were  made  for  500  mmole/s  of 
primary  nitrogen  (  ejecting  flow  ),  39.2  mmole/s  of  air  (ejected  flow  )  through  oxygen  nozzles  and  11 
mmole/s  of  secondary  nitrogen  (carrier  of  iodine).  The  typical  values  of  the  static  and  Pitot  pressures 
were  about  10  torr  and  100  torr,  correspondingly.  Measurements  of  the  Pitot  pressure  distributions  in 
the  cross  section  indicate  that  the  gas  jets’  mixing  is  not  finished  completely  on  the  distance  to  90mm. 
The  LIF  experiments  showed  that  iodine  flow  is  totally  mixed  with  flow  from  oxygen  nozzles  but  is 
not  completely  mixed  with  ejecting  nitrogen  flow.  The  choking  of  the  oxygen  flow  was  found  at 
increasing  ejecting  nitrogen  flow  rate  more  250mmole/s  which  resulted  in  the  raise  of  JSOG  pressure 
and  decreasing  singlet  oxygen  yield.  It’s  necessary  to  use  additional  methods  for  intensification  of  the 
mixing  process  and  to  continue  the  search  suitable  nozzle  bank  design  which  should  be  scaleable  to 
powerful  lasers. 

The  LIF  experiments  and  aerodynamic  experiments  showed  that  gas  mixing  is  better  in  the 
nozzle  bank  NB-1  and  NB-2  with  small  scale  nozzles.  The  small  signal  gain  (SSG)  of  the  order  of 
SxlO'^cm'^  is  achieved  in  NB-1  and  NB-2  for  primary  nitrogen  molar  flow  rate  500  mmole/s  and  39.2 
mmole/s  of  chlorine  flow  rate.  Simultaneously  the  gas  velocity  620  m/s,  temperature  180K  and  the 
Pitot  pressure  (88-rllO)  torr  in  “hot”  experiments  with  NB-1  have  been  achieved.  The  active  medium 
generated  by  NB-1  is  more  cold  than  active  medium  generated  by  NB-2.  At  lower  ejecting  nitrogen 
flow  rate  small  signal  gain  was  higher  and  reached  value  of  VxlO'^cm"^  for  NB-l.  The  COIL  lasing 
experiments  showed  also  that  NB-1  is  more  preferable.  Pre-dilution  chlorine  with  helium  (up  to  1:1) 
improved  laser  performance  and  allows  to  reach  chemical  efficiency  of  25%  at  250  mmole/s  and  23% 
at  500  mmole/s  of  ejecting  nitrogen  though  the  static  temperature  was  lower  in  the  second  case.  Pitot 
pressures  were  60  torr  and  100  torr  correspondingly  in  these  experiments. 

The  nozzle  bank  NB-6  with  wider  oxygen  slots  (3.5mm  instead  of  2.5mm)  and  conical  nozzles 
for  ejecting  gas  has  been  developed  specially  for  up  to  twice  higher  chlorine  flow  rates  with  weakened 
“choke”  effect.  But  mixing  efficiency  of  the  gas  jets  was  much  worse  than  in  the  cases  of  the  nozzle 
banks  NB-1  and  NB-2.  Upgrade  of  this  nozzle  bank  due  to  using  of  induced  intensification  of  the 
mixing  allowed  to  improve  COIL  operation  and  reach  chemical  efficiency  18.8%  at  56mmole/s  of 
chlorine  flow  rate  and  500mmole/s  of  the  ejecting  gas  flow  rate. 

High  resolution  diode  laser  spectroscopy  was  used  for  diagnostics  of  the  active  medium  formed 
by  the  ejector  nozzle  banks  of  the  supersonic  COIL.  The  ejector  nozzle  bank  produces  the  active 
medium  with  high  total  pressure  and  high  small  signal  gain.  Static  temperature  due  to  gas-dynamic 
cooling  reached  ~160K°  at  which  threshold  singlet  oxygen  yield  equal  to  -0.05.  The  initial  tangential 
breaks  in  values  of  gases’  parameters  lead  to  producing  of  the  turbulence  which  provides  very  high 
mixing  rate.  The  thermal  velocity  of  the  very  heavy  iodine  atoms  is  closed  to  -100  m/s  at  low  gas 
temperature  -150  K°.  The  estimations  of  the  characteristic  initial  transverse  pulsating  velocity  give 
value  of  -(20-r30)  m/s  (or  -  (20-r30)%  of  thermal  velocity  of  iodine  atoms)  at  absolute  gas  velocity 
-600  m/s.  The  neglect  of  the  spectral  broadening  due  to  transverse  pulsation  velocity  leads  to 
overestimation  of  the  static  temperature  on  (10-r20)K°.  The  last  circumstance  is  very  important 
because  the  measured  static  temperatures  are  used  for  comparisons  with  three  dimension  gas  dynamic 
calculations.  On  the  base  of  these  comparisons  one  makes  conclusion  about  correctness  of  the  rate 
constants  values  which  computer  simulations  are  used.  Concentration  of  the  iodine  atoms  in  the 
investigated  stream  region  (taking  in  to  account  possible  its’  losses  due  to  attachment  to  ice  particles) 
correspondents  (50-r60)%  of  the  initial  iodine  molecules  only.  Analysis  of  small  signal  gain  spectrum 
for  the  off-normal  incidence  of  probe  beam  allowed  to  determine  the  main  parameters  of  the  active 


medium  including  average  gas  velocity.  Estimation  of  the  static  pressure  in  the  flow  core  from 
spectroscopic  data  is  very  close  to  static  pressure  in  the  boundary  layer  measured  by  pressure  gauge. 

The  method  of  high  resolution  diode  spectroscopy  was  used  to  measure  the  temperature 
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dependence  of  pressure  broadening  of  the  atomic  iodine  line  ?  1/2-  ?3/2  in  the  range  T=220°?  -^340°?  . 
For  oxygen-nitrogen  mixture  the  FWHM  depends  on  temperature  like  (300/T)^,  where  Y=0.87±0.13. 
This  dependence  correlates  with  Van-der-Vaalce  potential  V~R'®  of  interaction  that  course  pressure 
broadening.Given  investigations  allowed  us  to  understand  how  to  design  scaleable  ejector  nozzle  bank 
for  powerful  industrial  lasers. DC  glow  discharge  was  investigated  as  means  to  produce  gaseous 
medium  with  high  concentration  of  singlet  delta  oxygen  and  as  a  source  of  atomic  iodine  for  oxygen- 
iodine  laser. 

Previous  studies  of  vortex- stabilized  dc  discharge,  performed  in  our  group  had  shown  its 
extreme  stability.  With  the  help  of  the  vortex  flow,  stable  dc  glow  discharge  existed  up  to  100  Torr 
pressure  of  oxygen,  nitrogen  and  a  number  of  gas  mixtures  and  at  high  power  load.  The  unique 
stability  of  this  type  of  discharge  stimulated  the  authors  to  investigate  its  applicability  to  produce 
singlet  oxygen  and  atomic  iodine  out  of  discharged  iodine  precursor  containing  mixtures. 

According  to  work  plan  of  the  present  contract,  during  the  first  quarter  the  modified  discharge 
system  was  designed  and  manufactured  (Task  9).  Experiments  with  discharge  in  oxygen  were 
performed  to  measure  ?  2(?*A)  concentration  and  to  optimize  the  system  to  obtain  the  highest  ?  2(?'A) 
content  at  higher  power  load  (Task  10). 

During  the  second  quarter  of  the  contract  the  experiments  with  oxygen  mixtures  as  well  as 
with  pure  oxygen  were  performed  (Task  1 1 )  to  obtain  discharge  products  at  higher  pressures,  which  is 
favorable  for  systems  with  supersonic  flow. 

During  the  third  quarter  of  the  contract  atomic  iodine  concentrations  obtained  with  the  help  of 
the  discharge  products  or  discharge  itself  were  measured  (Task  12)  and  discharge  system  was 
optimized  to  produce  iodine  atoms  at  the  highest  possible  carrier  gas  pressures. 

Designing  the  discharge  chamber  the  goal  was  set  to  achieve  long  term  dc  discharge  operation 
with  current  no  less  than  600  mA.  For  that  matter  both  electrodes  were  designed  water  cooled.  To 
provide  the  possibility  to  change  shape  of  the  electrodes  and  distance  between  them,  the  working  parts 
of  the  electrodes’  assembly  are  made  easily  removable.  The  electrode  assemblies  are  designed 
symmetrical  about  the  discharge  region,  providing  the  possibility  to  change  their  polarity  as  related  to 
gas  flow  direction. 

The  chamber  was  designed,  manufactured  and  its  tests  were  performed.  They  proved  the 
ability  of  the  system  to  sustain  long  term  normal  operation  of  the  dc  discharge  with  current  more  than 
-600  m A  with  power  load  into  the  discharge  positive  column  up  to  3  kJ/g  (100  kJ/mol)  at  8Torr. 
Using  the  modified  discharge  system  the  experiments  were  performed  with  CW  discharge  in  the  pure 
oxygen  flow  in  the  pressure  range  from  4  to  8  Torr  and  gas  flow  rates  from  -2  to  -6  mmol/s  (0.07  - 
0.2  g/s)  respectively.  In  these  conditions  the  concentration  of  singlet  delta  oxygen  (?  2(^A))  in  the 
downstream  afterglow  (excited  gas  flowing  out  of  the  discharge  region)  was  determined  by  means  of 
emission  spectroscopy  measuring  absolute  intensity  of  spontaneous  emission  from  the  ?  2(a^A 
)  ^  ?  2(X  Z)  band  at  1270  nm.  Absolute  calibration  was  performed  against  black  body  radiation. 

Voltage-current  dependencies  for  a  number  of  gas  flow  configurations  were  obtained:  straight 
and  vortex  flow,  flow  direction  from  anode  to  cathode  and  vice  versa,  the  flow  with  the  highest 
possible  and  lowest  flow  rates.  The  dependencies  of  ?  2(a^A)  concentrations  on  discharge  current  and 
power,  discharge  power  load  (J/g)  were  obtained  for  the  above  mentioned  flow  configurations. 

It  was  found  that  voltage-current  characteristics  exhibit  ‘step’  -  sharp  transition  to  higher 
discharge  voltage  when  power  load  into  positive  column  exceeds  -1  kJ/g  (30kJ/mol).  At  that  ‘step’ 
singlet  oxygen  concentration  exhibited  maximum  and  then  deceased.  The  highest  concentration 
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achieved  in  experiments  with  pure  oxygen  amounted  to  2.4T0  cm"  at  8  Torr  pressure.  Taking  into 
account  gas  temperature  it  amounts  to  2.5-3%  of  singlet  oxygen  content. 


The  experiments  had  shown  substantial  difference  of  the  low  and  high  voltage  forms  of  the 
discharge  for  singlet  oxygen  production.  Therefore,  to  increase  ?  2(?^A)  concentration  the  conditions 
for  existence  of  the  low  voltage  form  of  the  discharge  in  a  wider  range  of  currents  should  be  found. 

Singlet  delta  oxygen  content  in  the  downstream  afterglow  region  using  mixtures  of  oxygen 
with  rare  gases  was  measured  with  intention  to  determine  the  upper  limits  and  optimal  conditions  of 
?  2(a^A)  production  in  glow  discharge  diluting  oxygen  by  rare  gases  at  increased  pressure. 

Emission  spectra  in  the  region  of  1240  -  1300  nm  in  the  downstream  afterglow  were 
monitored  to  confirm  the  absence  of  any  stray  spectral  lines  that  might  emerge  from  rare  gases  and 
interfere  with  ?  2(a^A)  measurements. 

The  experiments  showed  that  it  had  been  possible  to  increase  gas  pressure  several  times 
without  any  loss  of  singlet  oxygen  fraction  using  mixtures  of  oxygen  with  argon  and  helium. 
Moreover,  singlet  oxygen  content  increased  significantly,  when  oxygen  was  diluted  by  rare  gases. 

In  experiments,  using  Ar  and  He  total  pressure  of  the  gas  mixture  was  increased  up  to  36  Torr. 
The  largest  ?  2(a  A)  concentration  amounted  to  410  cm"  and  estimated  singlet  oxygen  fraction  was 
up  to  4%.  Ground  [I]  and  excited  [I*]  atomic  iodine  concentrations  were  measured  for  two  different 
cases: 

1)  discharge  was  sustained  in  the  pure  oxygen  or  in  the  mixture  of  oxygen  with  argon,  iodine 
precursor  -  methyl  iodide  was  admixed  in  the  downstream  afterglow  region; 

2)  discharge  was  sustained  in  argon,  methyl  iodide  was  admixed  into  discharge. 

Ground  state  atomic  iodine  concentration  [I]  was  measured  via  resonant  absorption  of  laser  radiation, 
using  tunable  semiconductor  laser  device  temporary  provided  by  Partner. 

Excited  atomic  iodine  concentration  was  measured  using  absolute  intensity  measurements  of 
iodine  emission  at  1.315  |im.  Calibration  was  performed  against  black  body  radiation. 

Besides,  to  interpret  experimental  results,  a  kinetic  model  that  describes  atomic  iodine 
production  in  the  reactions  of  methyl  iodide  with  discharged  oxygen  was  developed.  There  is  a 
satisfactory  qualitative  and  quantitative  match  of  the  results  of  numerical  simulations  and 
experiments. 

The  main  results  of  the  experiments  with  iodine  atoms  are  as  follows: 

Eor  the  first  case: 

■  The  experiments  had  shown,  that  using  oxygen  atoms  in  the  discharge  products  of  the  discharged 
oxygen  or  discharged  mixture  of  oxygen  with  argon,  iodine  atoms  may  be  produced  in  large 
enough  quantities  for  further  use  in  active  medium  of  oxygen-iodine  laser. 

■  Using  discharge  products  of  the  dc  vortex-flow  glow  discharge  in  oxygen  and  methyl  iodide  as  the 
precursor,  atomic  iodine  concentrations  up  to  1.3  TO  cm'  -  usual  for  oxygen-iodine  laser  active 
medium  were  obtained. 

■  On  the  basis  of  the  developed  model  we  conclude  that  the  main  mechanism  of  atomic  iodine 
production  out  of  methyl  iodide  has  two  stages.  At  the  first  stage  10  molecules  are  produced 
through  methyl  iodide  oxidation.  At  the  second  stage  bdine  atoms  are  produced  either  through 
further  oxidation  by  O  atoms  or  through  the  reaction  of  these  molecules  with  each  other. 

Eor  the  second  case: 
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■  Atomic  iodine  concentration  up  to  ~  4- 10  cm"  was  obtained  -  enough  to  operate  oxygen-iodine 
laser. 

■  Use  of  the  vortex  gas  flow  allowed  to  sustain  the  dc  glow  discharge  in  a  highly  electronegative 
halogen  containing  gas  mixture  of  argon  with  methyl  iodide  at  pressures  up  to  ~  15-20  Torr.  These 
pressures  are  enough  to  inject  iodine  atoms  into  the  active  medium  of  supersonic  oxygen-iodine 
laser. 

Part  of  iodine  atoms  in  our  experiments  were  in  excited  state.  The  measurements  had  shown  that 
when  methyl  iodide  was  oxidized  by  discharged  oxygen  or  oxygen-argon  mixture  up  to  ~  11%  of 
iodine  atoms  were  in  excited  state.  When  methyl  iodide  was  decomposed  in  discharge  with  argon  - 
about  2-3%  of  iodine  atoms  were  in  excited  state. 


The  measured  exeited  iodine  relative  eoneentration  and  gas  temperature  permits  to  determine 
relative  singlet  oxygen  eoneentration.  For  diseharge  eurrent  200  mA  at  6  Torr  oxygen  pressure  the 
relative  singlet  oxygen  eoneentration  amounted  to  ~  5%  whieh  is  in  good  agreement  with  the 
measurements  that  used  spontaneous  emission  at  1.27  |im 

Therefore,  the  experiments  had  shown  applicability  and  prospects  of  the  vortex-flow  discharge  to 
further  improve  oxygen-iodine  laser  system. 

7.1.  Presentation  of  the  project  results 

1.  G.D.  Hager,  V.D.  Nikolaev,  M.V.  Zagidullin,  M.I.Svistun,  “  The  diagnostic  of  active  medium  of 
supersonic  COIL  with  advanced  nozzle  bank”,  LASERS’2000. -25-28  December  2000.- 
Albuquerque. 

The  advanced  nozzle  bank  of  the  supersonic  COIL  consists  of  slit  nozzles  for  energizing  gas 
02(^A),  cylindrical  nozzles  for  N2  buffer  gas  with  high  stagnation  pressure  and  nozzles  for  L+N2 
gas  mixture.  These  three  streams  are  mixed  under  supersonic  conditions  in  the  chamber  50x15 
mm  without  tunnels  for  mirrors.  The  walls  of  chamber  have  2°  angle  relative  to  the  gas  flow.  The 
beam  of  the  probe  laser  is  directed  under  angle  27.5°  to  the  normal  of  the  gas  flow.  The  atomic 
iodine  gain  line  for  the  probe  laser  splits  onto  two  Foight  peaks  as  result  of  Doppler  effect.  The 
analysis  of  the  gain  line  allows  to  estimate  the  peak  gain,  the  gas  flow  velocity,  the  pressure 
broadening  WL  and  Doppler  broadening  WG  line  widths.  These  three  parameters  allowed  to 
calculate  the  gas  temperature,  Mach  number  and  pressure  in  mixing  chamber.  The  experiments 
have  been  performed  in  a  wide  range  of  the  gas  flow  parameters  and  nozzle  bank  configuration. 
For  particular  gas  flow  conditions  and  geometry  of  the  mixing  chamber  the  next  parameters  were 
obtained:  the  gas  flow  velocity  570  m/s,  gas  temperature  200K,  Mach  number  near  2,  the  static 
pressure  7.7  torr.  For  these  flow  conditions  the  peak  gain  was  equal  to  0.7%/cm. 

2.  Hager  G.  D.,  Madden  T.J.,  Khvatov  N.A.,  Nikolaev  V.D.,  Zagidullin  M.V.,  Svistun  M.L,  “An 
efficient  chemical  oxygen-  iodine  laser  with  the  high  total  pressure  in  the  active  medium”. 
Quantum  Electronics,  vol.  31,  No.  1,  pp.  30-34,  (2001) 

The  new  nozzle  concept  was  suggested  and  tested  for  chemical  oxygen-iodine  laser 
(COIE).  The  nozzle  bank  consists  of  the  array  of  cylindrical  nozzles  for  pure  N2  flow,  slit  nozzles 
for  02(^A)  flow.  The  N2-1-I2  jets  are  injected  into  turbulent  wakes  between  oxygen  and  N2  streams 
through  small  cylindrical  orifices.  The  EIE  was  used  for  the  visualization  of  the  iodine  mixing 
efficiency  in  the  mixing  chamber.  It  was  found  practically  uniform  distribution  of  iodine 
molecules  in  the  supersonic  flow  on  the  distance  about  60  mm  downstream  nozzle  bank.  The 
COIE  experiments  were  performed  with  this  nozzle  bank  and  at  5  cm  gain  length  COIE  cavity. 
The  output  power  700  W  or  chemical  efficiency  19.7%  have  been  achieved  for  the  chlorine  molar 
flow  rate  39.2  mmole/s.  Simultaneously  the  static  pressure  10.9  torr  in  laser  cavity  and  pressure 
100  torr  in  Pitot  tube  have  been  achieved.  The  estimated  Mach  number  of  the  flow  was  equaled  to 
2.6  and  total  pressure  in  the  laser  cavity  was  equaled  to  218  torr.  High  dilution  of  the  oxygen  by 
nitrogen  1:11  results  in  small  growth  of  the  stagnation  temperature  of  the  gas  flow  and  creates 
good  conditions  for  the  pressure  recovery  in  the  diffuser. 

3.  Khvatov  N.A.,  Nikolaev  V.D.,  Zagidullin  M.V.,  Svistun  M.L,  “The  temperature  dependence  of 
the  collisional  broadenning  of  i/2-^?3/2  line  of  atomic  iodine”.  Quantum  Electronics,  vol.  31,  No. 
4,  pp.373-376,  (2001) 

The  EWHM  of  pressure  broadening  of  atomic  iodine  line  i/2-^?3/2  depends  on  temperature  like 
Wl — (300/T)°'^^“°'^^  in  the  temperature  range  T=220°?  -r340°?  of  chemical  oxygen-iodine  laser 
active  medium.  This  dependence  correlates  with  Van-der-Vaalce  potential  V~R'^  of  interaction 
that  course  pressure  broadening. 

4.  Hager  G.  D.,  Nikolaev  V.D.,  Zagidullin  M.V.,  Svistun  M.I.,  “  The  diagnostic  of  active  medium  of 
supersonic  COIE  with  advanced  nozzle  bank”.  Quantum  Electronics,  vol.  31,  No.  7  ,  (2001) 
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The  high  resolution  diode  laser  spectroscopy  was  used  to  measure  the  gain,  the  temperature 
and  the  absolute  gas  velocity  of  the  supersonic  oxygen-iodine  laser  active  medium  generated  by 
the  ejector  nozzle  bank.  The  formation  of  the  gain  occurs  at  the  distances  less  than  44  mm  from 
the  nozzle  bank  for  the  absolute  stream  velocity  -600  m/s.  The  gain  value  7<10'  cm'  ,  gas 
temperature  200°?,  absolute  gas  velocity  580  m/s  and  Pitot  pressure  58  torr  were  achieved  for 
1:6,9  dilution  of  oxygen  by  primary  nitrogen.  The  increase  of  dilution  up  to  1:13,5  resulted  in 
gain  value  4.5x10'^  cm'\  gas  temperature  180°?,  absolute  gas  velocity  615  m/s  and  Pitot  pressure 
88  torr.  The  increase  of  the  water  vapor  fraction  in  the  oxygen  flow  resulted  in  the  growth  of  the 
temperature  of  the  active  medium  and  decreasing  of  gain. 

5.  Nikolaev  V.D.,  Zagidullin  M.V.,  “Calculation  of  the  mixing  chamber  of  the  ejector  chemical 
oxygen  -  iodine  laser”.  Quantum  Electronics,  vol.  31,  No.  6,  pp. 30-34,  (2001) 

Calculation  of  the  gas  parameters  at  the  exit  plane  of  the  mixing  chamber  of  the  ejector  chemical 
oxygen  -  iodine  laser  (ECOIL)  is  presented.  The  nozzle  bank  consisting  of  three  types  of  the 
nozzles  provides  formation  of  the  active  medium  with  the  full  pressure  much  more  higher  than 
pressure  in  the  singlet  oxygen  generator.  Such  method  of  the  formation  of  the  ECOIE  active 
medium  allows  to  simplify  the  exhaust  of  gas  into  atmosphere  using  a  diffuser  and  one  step  water 
sealed  vacuum  pump. 

6.  Khvatov  N.A.,  Nikolaev  V.D.,  Svistun  M.I.,  Zagidullin  M.V.,  “New  Experimental  Results  of  the 
Ejector  COIE  Power  Extraction”,  COIE  R&D  Workshop,  Prague  2001,28-29  May 

Ejector  COIE  provides  lasing  with  high  chemical  efficiency. 

Chemical  efficiency  decreases  with  the  raise  of  the  ejecting  nitrogen  flow  rate  due  to  “choke” 
effect  for  oxygen  jets.  Using  mixture  Ct+He  improves  conductivity  oxygen  channels,  decrease 
JSOG  oxygen  partial  pressure  and  leads  to  increasing  chemical  efficiency.  Estimated  02(*A) 
losses  during  gain  formation  from  SSG  experiments  are  overestimated  due  to  incompleteness  of 
the  mixing  process  on  the  distances  up  to  90mm  from  nozzle  bank.  Increasing  the  width  of  the 
oxygen  slots  from  2.5  mm  to  3.5mm  results  in  deterioration  of  the  jets’  mixing  and  decreasing 
chemical  efficiency  although  “choke”  effect  was  weaker  in  this  case.  It’s  necessary  to  develop  the 
scaleable  ejector  nozzle  bank  for  real  industrial  COIE  with  small  mixing  space  scale  and  to 
weaken  “choke”  effect. 

7.  Khvatov  N.A.,  Nikolaev  V.D.,  Svistun  M.I.,  Zagidullin  M.V.,  “Gain  and  Gas-dynamic  Parameters 
of  COIE  Active  Medium  Generated  by  Ejector  Nozzle  Bank”,  COIE  R&D  Workshop,  Prague 
2001,28-29  May 

Ejector  nozzle  bank  generates  low  temperature,  high  gain,  high  Mach  number  active 
medium.  Gain  is  generated  at  distances  <50  mm  from  nozzle  bank  for  absolute  gas  velocity  600 
m/s.  The  nature  of  fast  drop  of  the  gain  along  the  flow  is  not  understood  finally.  Observed  02(*A) 
losses  AY  during  gain  formation  more  than  20%.  The  temperature  dependence  of  pressure 
broadening  was  measured. 

8.  Mikheyev  P.A.,  Shepelenko  A.A.,  Kupryayev  N.V.,  Voronov  A.I.,  “Atomic  Iodine  Production  in 
Vortex-Plow  Glow  Discharge”,  COIE  R&D  Workshop,  Prague  2001,  28-29  May 

Atomic  iodine  concentration  enough  to  operate  oxygen-iodine  laser  with  carrier  gas  pressure 
high  enough  to  provide  injection  into  singlet  oxygen  flow,  was  obtained  externally  using  the 
vortex-stabilized  dc  glow  discharge.  We  had  found  that  atomic  iodine  concentration  depended  on 
the  sort  of  the  carrier  gas  used.  When  methyl  iodide  is  used  as  atomic  iodine  precursor  its 
incomplete  dissociation  does  not  lead  to  substantial  concentration  of  molecular  iodine  contrary  to 
the  case  when  molecular  iodine  is  dissociated.  Transport  time  of  atomic  iodine  for  concentrations 
and  temperatures  obtained  in  our  experiments  may  amount  to  several  milliseconds.  In  our 
opinion,  the  problem  of  discharge  setup  contamination  could  be  solved  if  hydrogen  iodide  is  used 
as  a  precursor. 


